STRING THEORY 
anb M-THEORY 


Katrin Becker, Melanie Becker, and John Schwarz 





www.cambridge.org!9780521860697 


This page intentionally left blank 


STRING THEORY AND M-THEORY 


A MODERN INTRODUCTION 


String theory is one of the most exciting and challenging areas of modern 
theoretical physics. This book guides the reader from the basics of string 
theory to very recent developments at the frontier of string theory research. 

The book begins with the basics of perturbative string theory, world-sheet 
supersymmetry, space-time supersymmetry, conformal field theory and the 
heterotic string, and moves on to describe modern developments, including 
D-branes, string dualities and M-theory. It then covers string geometry 
(including Calabi-Yau compactifications) and flux compactifications, and 
applications to cosmology and particle physics. One chapter is dedicated 
to black holes in string theory and M-theory, and the microscopic origin 
of black-hole entropy. The book concludes by presenting matrix theory, 
AdS/CFT duality and its generalizations. 

This book is ideal for graduate students studying modern string theory, and it 
will make an excellent textbook for a 1-year course on string theory. It will also 
be useful for researchers interested in learning about developments in modern 
string theory. The book contains about 120 solved exercises, as well as about 200 
homework problems, solutions of which are available for lecturers on a pass- 
word protected website at www.cambridge.org/9780521860697. 


KATRIN BECKER is a Professor of physics at Texas A & M University. She 
was awarded the Radcliffe Fellowship from Harvard University in 2006 and 
received the Alfred Sloan Fellowship in 2003. 


MELANIE BECKER isa Professor of physics at Texas A & M University. In 
2006 she was awarded an Edward, Frances and Shirley B. Daniels Fellowship 
from the Radcliffe Institute for Advanced Studies at Harvard University. In 
2001 she received the Alfred Sloan Fellowship. 


Jonn H. ScHWARz is the Harold Brown Professor of Theoretical Physics 
at the California Institute of Technology. He is a MacArthur Fellow and a 
member of the National Academy of Sciences. 


This is the first comprehensive textbook on string theory to also offer an up-to- 
date picture of the most important theoretical developments of the last decade, 
including the AdS/CFT correspondence and flux compactifications, which 
have played a crucial role in modern efforts to make contact with experiment. 
An excellent resource for graduate students as well as researchers in high- 
energy physics and cosmology. 

Nima Arkani-Hamed, Harvard University 


An exceptional introduction to string theory that contains a comprehensive 
treatment of all aspects of the theory, including recent developments. The clear 
pedagogical style and the many excellent exercises should provide the interested 
student or researcher a straightforward path to the frontiers of current research. 
David Gross, Director of the Kavli Institute for Theoretical Physics, University of 

California, Santa Barbara and winner of the Nobel Prize for Physics in 2004 


Masterfully written by pioneers of the subject, comprehensive, up-to-date and 
replete with illuminating problem sets and their solutions, String Theory and 
M-theory: A Modern Introduction provides an ideal preparation for research 
on the current forefront of the fundamental laws of nature. It is destined to 
become the standard textbook in the subject. 

Andrew Strominger, Harvard University 


This book is a magnificient resource for students and researchers alike in the 
rapidly evolving field of string theory. It is unique in that it is targeted for 
students without any knowledge of string theory and at the same time it 
includes the very latest developments of the field, all presented in a very fluid 
and simple form. The lucid description is nicely complemented by very instruc- 
tive problems. I highly recommend this book to all researchers interested in the 
beautiful field of string theory. 

Cumrun Vafa, Harvard University 


This elegantly written book will be a valuable resource for students looking for 

an entry-way to the vast and exciting topic of string theory. The authors have 

skillfully made a selection of topics aimed at helping the beginner get up to 
speed. I am sure it will be widely read. 

Edward Witten, Institute for Advanced Study, Princeton, 

winner of the Fields Medal in 1990 


STRING THEORY AND M-THEORY 


A Modern Introduction 


KATRIN BECKER, 
Texas A & M University 


MELANIE BECKER, 
Texas A & M University 


and 


JOHN H. SCHWARZ 


California Institute of Technology 


CAMBRIDGE 


UNIVERSITY PRESS 








cambridge university press 
Cambridge, New York, Melbourne, Madrid, Cape Town, Singapore, São Paulo 


Cambridge University Press 

The Edinburgh Building, Cambridge cb2 2ru, UK 

Published in the United States of America by Cambridge University Press, New York 
www.cambridge.org 


Information on this title: www.cambridge.org/9780521860697 


© K. Becker, M. Becker and J. H. Schwarz 2007 


This publication is in copyright. Subject to statutory exception and to the provision of 
relevant collective licensing agreements, no reproduction of any part may take place 
without the written permission of Cambridge University Press. 


First published in print format 2006 


isbn-13 978-0-511-25653-0 eBook (EBL) 
isbn-10 0-511-25653-1 eBook (EBL) 


isbn-13 978-0-521-86069-7 hardback 
isbn-10 0-521-86069-5 hardback 


Cambridge University Press has no responsibility for the persistence or accuracy of urls 
for external or third-party internet websites referred to in this publication, and does not 
guarantee that any content on such websites is, or will remain, accurate or appropriate. 


To our parents 


vi 


An Ode to the Unity of Time and Space 


Time, ah, time, 
how you go off like this! 


Physical things, ah, things, 
so abundant you are! 


The Ruo’s waters are three thousand, 
how can they not have the same source? 


Time and space are one body, 
mind and things sustain each other. 


Time, o time, 
does not time come again? 


Heaven, o heaven, 
how many are the appearances of heaven! 


From ancient days constantly shifting on, 
black holes flaring up. 


Time and space are one body, 
is it without end? 


Great indeed 
is the riddle of the universe. 


Beautiful indeed 
is the source of truth. 


To quantize space and time 
the smartest are nothing. 


To measure the Great Universe with a long thin tube 
the learning is vast. 


Shing-Tung Yau 
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Preface 


String theory is one of the most exciting and challenging areas of modern 
theoretical physics. It was developed in the late 1960s for the purpose of de- 
scribing the strong nuclear force. Problems were encountered that prevented 
this program from attaining complete success. In particular, it was realized 
that the spectrum of a fundamental string contains an undesired massless 
spin-two particle. Quantum chromodynamics eventually proved to be the 
correct theory for describing the strong force and the properties of hadrons. 
New doors opened for string theory when in 1974 it was proposed to identify 
the massless spin-two particle in the string’s spectrum with the graviton, the 
quantum of gravitation. String theory became then the most promising can- 
didate for a quantum theory of gravity unified with the other forces and has 
developed into one of the most fascinating theories of high-energy physics. 
The understanding of string theory has evolved enormously over the years 
thanks to the efforts of many very clever people. In some periods progress 
was much more rapid than in others. In particular, the theory has experi- 
enced two major revolutions. The one in the mid-1980s led to the subject 
achieving widespread acceptance. In the mid-1990s a second superstring 
revolution took place that featured the discovery of nonperturbative duali- 
ties that provided convincing evidence of the uniqueness of the underlying 
theory. It also led to the recognition of an eleven-dimensional manifesta- 
tion, called M-theory. Subsequent developments have made the connection 
between string theory, particle physics phenomenology, cosmology, and pure 
mathematics closer than ever before. As a result, string theory is becoming 
a mainstream research field at many universities in the US and elsewhere. 
Due to the mathematically challenging nature of the subject and the 
above-mentioned rapid development of the field, it is often difficult for some- 
one new to the subject to cope with the large amount of material that needs 
to be learned before doing actual string-theory research. One could spend 
several years studying the requisite background mathematics and physics, 
but by the end of that time, much more would have already been developed, 
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and one still wouldn’t be up to date. An alternative approach is to shorten 
the learning process so that the student can jump into research more quickly. 
In this spirit, the aim of this book is to guide the student through the fasci- 
nating subject of string theory in one academic year. This book starts with 
the basics of string theory in the first few chapters and then introduces the 
reader to some of the main topics of modern research. Since the subject is 
enormous, it is only possible to introduce selected topics. Nevertheless, we 
hope that it will provide a stimulating introduction to this beautiful subject 
and that the dedicated student will want to explore further. 

The reader is assumed to have some familiarity with quantum field theory 
and general relativity. It is also very useful to have a broad mathematical 
background. Group theory is essential, and some knowledge of differential 
geometry and basics concepts of topology is very desirable. Some topics in 
geometry and topology that are required in the later chapters are summa- 
rized in an appendix. 

The three main string-theory textbooks that precede this one are by 
Green, Schwarz and Witten (1987), by Polchinski (1998) and by Zwiebach 
(2004). Each of these was also published by Cambridge University Press. 
This book is somewhat shorter and more up-to-date than the first two, and 
it is more advanced than the third one. By the same token, those books 
contain much material that is not repeated here, so the serious student will 
want to refer to them, as well. Another distinguishing feature of this book 
is that it contains many exercises with worked out solutions. These are in- 
tended to be helpful to students who want problems that can be used to 
practice and assimilate the material. 

This book would not have been possible without the assistance of many 
people. We have received many valuable suggestions and comments about 
the entire manuscript from Rob Myers, and we have greatly benefited from 
the assistance of Yu-Chieh Chung and Guangyu Guo, who have worked 
diligently on many of the exercises and homework problems and have care- 
fully read the whole manuscript. Moreover, we have received extremely 
useful feedback from many colleagues including Keshav Dasgupta, Andrew 
Frey, Davide Gaiotto, Sergei Gukov, Michael Haack, Axel Krause, Hong Lu, 
Juan Maldacena, Lubos Motl, Hirosi Ooguri, Patricia Schwarz, Eric Sharpe, 
James Sparks, Andy Strominger, Ian Swanson, Xi Yin and especially Cum- 
run Vafa. We have further received great comments and suggestions from 
many graduate students at Caltech and Harvard University. We thank Ram 
Sriharsha for his assistance with some of the homework problems and Ke- 
tan Vyas for writing up solutions to the homework problems, which will be 
made available to instructors. We thank Sharlene Cartier and Carol Silber- 
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stein of Caltech for their help in preparing parts of the manuscript, Simon 
Capelin of Cambridge U. Press, whose help in coordinating the different 
aspects of the publishing process has been indispensable, Elisabeth Krause 
for help preparing some of the figures and Kovid Goyal for his assistance 
with computer-related issues. We thank Steven Owen for translating from 
Chinese the poem that precedes the preface. 

During the preparation of the manuscript KB and MB have enjoyed the 
warm hospitality of the Radcliffe Institute for Advanced Studies at Harvard 
University, the physics department at Harvard University and the Perimeter 
Institute for theoretical physics. They would like to thank the Radcliffe In- 
stitute for Advanced Study at Harvard University, which through its Fellow- 
ship program made the completion of this project possible. Special thanks 
go to the Dean of Science, Barbara Grosz. Moreover, KB would also like 
to thank the University of Utah for awarding a teaching grant to support 
the work on this book. JHS is grateful to the Rutgers high-energy theory 
group, the Aspen Center for Physics and the Kavli Institute for Theoretical 
Physics for hospitality while he was working on the manuscript. 

KB and MB would like to give their special thanks to their mother, Ingrid 
Becker, for her support and encouragement, which has always been invalu- 
able, especially during the long journey of completing this manuscript. Her 
artistic talents made the design of the cover of this book possible. JHS 
thanks his wife Patricia for love and support while he was preoccupied with 
this project. 


Katrin Becker 
Melanie Becker 
John H. Schwarz 
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Introduction 


There were two major breakthroughs that revolutionized theoretical physics 
in the twentieth century: general relativity and quantum mechanics. Gen- 
eral relativity is central to our current understanding of the large-scale ex- 
pansion of the Universe. It gives small corrections to the predictions of 
Newtonian gravity for the motion of planets and the deflection of light rays, 
and it predicts the existence of gravitational radiation and black holes. Its 
description of the gravitational force in terms of the curvature of space- 
time has fundamentally changed our view of space and time: they are now 
viewed as dynamical. Quantum mechanics, on the other hand, is the essen- 
tial tool for understanding microscopic physics. The evidence continues to 
build that it is an exact property of Nature. Certainly, its exact validity is 
a basic assumption in all string theory research. 

The understanding of the fundamental laws of Nature is surely incomplete 
until general relativity and quantum mechanics are successfully reconciled 
and unified. That this is very challenging can be seen from many differ- 
ent viewpoints. The concepts, observables and types of calculations that 
characterize the two subjects are strikingly different. Moreover, until about 
1980 the two fields developed almost independently of one another. Very 
few physicists were experts in both. With the goal of unifying both subjects, 
string theory has dramatically altered the sociology as well as the science. 

In relativistic quantum mechanics, called quantum field theory, one re- 
quires that two fields that are defined at space-time points with a space-like 
separation should commute (or anticommute if they are fermionic). In the 
gravitational context one doesn’t know whether or not two space-time points 
have a space-like separation until the metric has been computed, which is 
part of the dynamical problem. Worse yet, the metric is subject to quan- 
tum fluctuations just like other quantum fields. Clearly, these are rather 
challenging issues. Another set of challenges is associated with the quantum 
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description of black holes and the description of the Universe in the very 
early stages of its history. 

The most straightforward attempts to combine quantum mechanics and 
general relativity, in the framework of perturbative quantum field theory, 
run into problems due to uncontrollable infinities. Ultraviolet divergences 
are a characteristic feature of radiative corrections to gravitational processes, 
and they become worse at each order in perturbation theory. Because New- 
ton’s constant is proportional to (length)? in four dimensions, simple power- 
counting arguments show that it is not possible to remove these infinities by 
the conventional renormalization methods of quantum field theory. Detailed 
calculations demonstrate that there is no miracle that invalidates this simple 
dimensional analysis.! 

String theory purports to overcome these difficulties and to provide a 
consistent quantum theory of gravity. How the theory does this is not yet 
understood in full detail. As we have learned time and time again, string 
theory contains many deep truths that are there to be discovered. Gradually 
a consistent picture is emerging of how this remarkable and fascinating the- 
ory deals with the many challenges that need to be addressed for a successful 
unification of quantum mechanics and general relativity. 


1.1 Historical origins 


String theory arose in the late 1960s in an attempt to understand the strong 
nuclear force. This is the force that is responsible for holding protons and 
neutrons together inside the nucleus of an atom as well as quarks together 
inside the protons and neutrons. A theory based on fundamental one- 
dimensional extended objects, called strings, rather than point-like particles, 
can account qualitatively for various features of the strong nuclear force and 
the strongly interacting particles (or hadrons). 

The basic idea in the string description of the strong interactions is that 
specific particles correspond to specific oscillation modes (or quantum states) 
of the string. This proposal gives a very satisfying unified picture in that it 
postulates a single fundamental object (namely, the string) to explain the 
myriad of different observed hadrons, as indicated in Fig. 1.1. 

In the early 1970s another theory of the strong nuclear force — called 
quantum chromodynamics (or QCD) — was developed. As a result of this, 
as well as various technical problems in the string theory approach, string 


1 Some physicists believe that perturbative renormalizability is not a fundamental requirement 
and try to “quantize” pure general relativity despite its nonrenormalizability. Loop quantum 
gravity is an example of this approach. Whatever one thinks of the logic, it is fair to say that 
despite a considerable amount of effort such attempts have not yet been very fruitful. 
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theory fell out of favor. The current viewpoint is that this program made 
good sense, and so it has again become an active area of research. The 
concrete string theory that describes the strong interaction is still not known, 
though one now has a much better understanding of how to approach the 
problem. 

String theory turned out to be well suited for an even more ambitious 
purpose: the construction of a quantum theory that unifies the description 
of gravity and the other fundamental forces of nature. In principle, it has 
the potential to provide a complete understanding of particle physics and of 
cosmology. Even though this is still a distant dream, it is clear that in this 
fascinating theory surprises arise over and over. 


1.2 General features 


Even though string theory is not yet fully formulated, and we cannot yet 
give a detailed description of how the standard model of elementary particles 
should emerge at low energies, or how the Universe originated, there are 
some general features of the theory that have been well understood. These 
are features that seem to be quite generic irrespective of what the final 
formulation of string theory might be. 


Gravity 


The first general feature of string theory, and perhaps the most important, 
is that general relativity is naturally incorporated in the theory. The theory 
gets modified at very short distances/high energies but at ordinary distances 
and energies it is present in exactly the form as proposed by Einstein. This 
is significant, because general relativity is arising within the framework of a 





Fig. 1.1. Different particles are different vibrational modes of a string. 
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consistent quantum theory. Ordinary quantum field theory does not allow 
gravity to exist; string theory requires it. 


Yang-Mills gauge theory 


In order to fulfill the goal of describing all of elementary particle physics, the 
presence of a graviton in the string spectrum is not enough. One also needs 
to account for the standard model, which is a Yang-Mills theory based on 
the gauge group SU(3) x SU(2) x U(1). The appearance of Yang-Mills gauge 
theories of the sort that comprise the standard model is a general feature 
of string theory. Moreover, matter can appear in complex chiral representa- 
tions, which is an essential feature of the standard model. However, it is not 
yet understood why the specific SU(3) x SU(2) x U(1) gauge theory with 
three generations of quarks and leptons is singled out in nature. 


Supersymmetry 


The third general feature of string theory is that its consistency requires 
supersymmetry, which is a symmetry that relates bosons to fermions is re- 
quired. There exist nonsupersymmetric bosonic string theories (discussed 
in Chapters 2 and 3), but lacking fermions, they are completely unrealis- 
tic. The mathematical consistency of string theories with fermions depends 
crucially on local supersymmetry. Supersymmetry is a generic feature of all 
potentially realistic string theories. The fact that this symmetry has not yet 
been discovered is an indication that the characteristic energy scale of su- 
persymmetry breaking and the masses of supersymmetry partners of known 
particles are above experimentally determined lower bounds. 

Space-time supersymmetry is one of the major predictions of superstring 
theory that could be confirmed experimentally at accessible energies. A vari- 
ety of arguments, not specific to string theory, suggest that the characteristic 
energy scale associated with supersymmetry breaking should be related to 
the electroweak scale, in other words in the range 100 GeV to a few TeV. 
If this is correct, superpartners should be observable at the CERN Large 
Hadron Collider (LHC), which is scheduled to begin operating in 2007. 


Extra dimensions of space 


In contrast to many theories in physics, superstring theories are able to 
predict the dimension of the space-time in which they live. The theory 
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is only consistent in a ten-dimensional space-time and in some cases an 
eleventh dimension is also possible. 

To make contact between string theory and the four-dimensional world of 
everyday experience, the most straightforward possibility is that six or seven 
of the dimensions are compactified on an internal manifold, whose size is 
sufficiently small to have escaped detection. For purposes of particle physics, 
the other four dimensions should give our four-dimensional space-time. Of 
course, for purposes of cosmology, other (time-dependent) geometries may 
also arise. 











Fig. 1.2. From far away a two-dimensional cylinder looks one-dimensional. 


The idea of an extra compact dimension was first discussed by Kaluza 
and Klein in the 1920s. Their goal was to construct a unified description 
of electromagnetism and gravity in four dimensions by compactifying five- 
dimensional general relativity on a circle. Even though we now know that 
this is not how electromagnetism arises, the essence of this beautiful ap- 
proach reappears in string theory. The Kaluza—Klein idea, nowadays re- 
ferred to as compactification, can be illustrated in terms of the two cylinders 
of Fig. 1.2. The surface of the first cylinder is two-dimensional. However, 
if the radius of the circle becomes extremely small, or equivalently if the 
cylinder is viewed from a large distance, the cylinder looks effectively one- 
dimensional. One now imagines that the long dimension of the cylinder is 
replaced by our four-dimensional space-time and the short dimension by an 
appropriate six, or seven-dimensional compact manifold. At large distances 
or low energies the compact internal space cannot be seen and the world 
looks effectively four-dimensional. As discussed in Chapters 9 and 10, even 
if the internal manifolds are invisible, their topological properties determine 
the particle content and structure of the four-dimensional theory. In the 
mid-1980s Calabi-Yau manifolds were first considered for compactifying six 
extra dimensions, and they were shown to be phenomenologically rather 
promising, even though some serious drawbacks (such as the moduli space 
problem discussed in Chapter 10) posed a problem for the predictive power 
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of string theory. In contrast to the circle, Calabi-Yau manifolds do not have 
isometries, and part of their role is to break symmetries rather than to make 
them. 


The size of strings 


In conventional quantum field theory the elementary particles are mathemat- 
ical points, whereas in perturbative string theory the fundamental objects 
are one-dimensional loops (of zero thickness). Strings have a characteristic 
length scale, denoted ls, which can be estimated by dimensional analysis. 
Since string theory is a relativistic quantum theory that includes gravity it 
must involve the fundamental constants c (the speed of light), A (Planck’s 
constant divided by 27), and G (Newton’s gravitational constant). From 
these one can form a length, known as the Planck length 


1/2 
lp = (=) = 1.6 x 107° cm. 


Similarly, the Planck mass is 


he ue 19 2 
m=|5 = 1.2 x 10” GeV/c. 


The Planck scale is the natural first guess for a rough estimate of the fun- 
damental string length scale as well as the characteristic size of compact 
extra dimensions. Experiments at energies far below the Planck energy can- 
not resolve distances as short as the Planck length. Thus, at such energies, 
strings can be accurately approximated by point particles. This explains 
why quantum field theory has been so successful in describing our world. 


1.3 Basic string theory 


As a string evolves in time it sweeps out a two-dimensional surface in space- 
time, which is called the string world sheet of the string. This is the string 
counterpart of the world line for a point particle. In quantum field theory, 
analyzed in perturbation theory, contributions to amplitudes are associated 
with Feynman diagrams, which depict possible configurations of world lines. 
In particular, interactions correspond to junctions of world lines. Similarly, 
perturbation expansions in string theory involve string world sheets of var- 
ious topologies. 

The existence of interactions in string theory can be understood as a con- 
sequence of world-sheet topology rather than of a local singularity on the 
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world sheet. This difference from point-particle theories has two important 
implications. First, in string theory the structure of interactions is uniquely 
determined by the free theory. There are no arbitrary interactions to be cho- 
sen. Second, since string interactions are not associated with short-distance 
singularities, string theory amplitudes have no ultraviolet divergences. The 
string scale 1/ls acts as a UV cutoff. 


World-volume actions and the critical dimension 


A string can be regarded as a special case of a p-brane, which is an object 
with p spatial dimensions and tension (or energy density) Tp. In fact, various 
p-branes do appear in superstring theory as nonperturbative excitations. 
The classical motion of a p-brane extremizes the (p+ 1)-dimensional volume 
V that it sweeps out in space-time. Thus there is a p-brane action that 
is given by Sp = —T,V. In the case of the fundamental string, which has 
p = 1, V is the area of the string world sheet and the action is called the 
Nambu-—Goto action. 

Classically, the Nambu-—Goto action is equivalent to the string sigma- 
model action 


T 
Sons f V hh nv ða X" 33X” dodr, 


where hag(o,T) is an auxiliary world-sheet metric, h = det hag, and h®? is 
the inverse of hag. The functions X” (ø, T) describe the space-time embed- 
ding of the string world sheet. The Euler-Lagrange equation for h° can be 
used to eliminate it from the action and recover the Nambu-—Goto action. 

Quantum mechanically, the story is more subtle. Instead of eliminating h 
via its classical field equations, one should perform a Feynman path integral, 
using standard machinery to deal with the local symmetries and gauge fixing. 
When this is done correctly, one finds that there is a conformal anomaly 
unless the space-time dimension is D = 26. These matters are explored in 
Chapters 2 and 3. An analogous analysis for superstrings gives the critical 
dimension D = 10. 


Closed strings and open strings 


The parameter 7 in the embedding functions X” (ø, 7) is the world-sheet time 
coordinate and o parametrizes the string at a given world-sheet time. For a 
closed string, which is topologically a circle, one should impose periodicity 
in the spatial parameter o. Choosing its range to be m one identifies both 
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ends of the string X”(o,T) = X"(o + 7,7). All string theories contain 
closed strings, and the graviton always appears as a massless mode in the 
closed-string spectrum of critical string theories. 

For an open string, which is topologically a line interval, each end can 
be required to satisfy either Neumann or Dirichlet boundary conditions (for 
each value of u). The Dirichlet condition specifies a space-time hypersurface 
on which the string ends. The only way this makes sense is if the open string 
ends on a physical object, which is called a D-brane. (D stands for Dirichlet.) 
If all the open-string boundary conditions are Neumann, then the ends of 
the string can be anywhere in the space-time. The modern interpretation is 
that this means that space-time-filling D-branes are present. 


Perturbation theory 


Perturbation theory is useful in a quantum theory that has a small dimen- 
sionless coupling constant, such as quantum electrodynamics (QED), since it 
allows one to compute physical quantities as expansions in the small param- 
eter. In QED the small parameter is the fine-structure constant a ~ 1/137. 
For a physical quantity T(@), one computes (using Feynman diagrams) 


T(a) = To } aT, } aT tf... 





Perturbation series are usually asymptotic expansions with zero radius of 
convergence. Still, they can be useful, if the expansion parameter is small, 
because the first terms in the expansion provide an accurate approximation. 
The heterotic and type II superstring theories contain oriented closed 
strings only. As a result, the only world sheets in their perturbation expan- 
sions are closed oriented Riemann surfaces. There is a unique world-sheet 
topology at each order of the perturbation expansion, and its contribution 
is UV finite. The fact that there is just one string theory Feynman diagram 
at each order in the perturbation expansion is in striking contrast to the 
large number of Feynman diagrams that appear in quantum field theory. In 
the case of string theory there is no particular reason to expect the coupling 
constant gs to be small. So it is unlikely that a realistic vacuum could be 
analyzed accurately using only perturbation theory. For this reason, it is 
important to understand nonperturbative effects in string theory. 


Superstrings 


The first superstring revolution began in 1984 with the discovery that quan- 
tum mechanical consistency of a ten-dimensional theory with M = 1 super- 
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symmetry requires a local Yang-Mills gauge symmetry based on one of two 
possible Lie algebras: SO(32) or Eg x Eg. As is explained in Chapter 5, only 
for these two choices do certain quantum mechanical anomalies cancel. The 
fact that only these two groups are possible suggested that string theory has 
a very constrained structure, and therefore it might be very predictive. ? 

When one uses the superstring formalism for both left-moving modes and 
right-moving modes, the supersymmetries associated with the left-movers 
and the right-movers can have either opposite handedness or the same hand- 
edness. These two possibilities give different theories called the type ITA and 
type IIB superstring theories, respectively. A third possibility, called type I 
superstring theory, can be derived from the type IIB theory by modding out 
by its left-right symmetry, a procedure called orientifold projection. The 
strings that survive this projection are unoriented. The type I and type 
II superstring theories are described in Chapters 4 and 5 using formalisms 
with world-sheet and space-time supersymmetry, respectively. 

A more surprising possibility is to use the formalism of the 26-dimensional 
bosonic string for the left-movers and the formalism of the 10-dimensional 
superstring for the right-movers. The string theories constructed in this 
way are called “heterotic.” Heterotic string theory is discussed in Chap- 
ter 7. The mismatch in space-time dimensions may sound strange, but it is 
actually exactly what is needed. The extra 16 left-moving dimensions must 
describe a torus with very special properties to give a consistent theory. 
There are precisely two distinct tori that have the required properties, and 
they correspond to the Lie algebras SO(32) and Eg x Eg. 

Altogether, there are five distinct superstring theories, each in ten dimen- 
sions. Three of them, the type I theory and the two heterotic theories, have 
N = 1 supersymmetry in the ten-dimensional sense. The minimal spinor 
in ten dimensions has 16 real components, so these theories have 16 con- 
served supercharges. The type I superstring theory has the gauge group 
SO(32), whereas the heterotic theories realize both SO(32) and Eg x Ex. 
The other two theories, type IIA and type IIB, have M = 2 supersymmetry 
or equivalently 32 supercharges. 


1.4 Modern developments in superstring theory 
The realization that there are five different superstring theories was some- 
what puzzling. Certainly, there is only one Universe, so it would be most 
satisfying if there were only one possible theory. In the late 1980s it was 


2 Anomaly analysis alone also allows U(1)49® and Eg x U(1)?48. However, there are no string 
theories with these gauge groups. 
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realized that there is a property known as T-duality that relates the two 
type II theories and the two heterotic theories, so that they shouldn’t really 
be regarded as distinct theories. 

Progress in understanding nonperturbative phenomena was achieved in 
the 1990s. Nonperturbative S-dualities and the opening up of an eleventh 
dimension at strong coupling in certain cases led to new identifications. Once 
all of these correspondences are taken into account, one ends up with the 
best possible conclusion: there is a unique underlying theory. Some of these 
developments are summarized below and are discussed in detail in the later 
chapters. 


T-duality 
String theory exhibits many surprising properties. One of them, called T- 
duality, is discussed in Chapter 6. T-duality implies that in many cases two 
different geometries for the extra dimensions are physically equivalent! In 
the simplest example, a circle of radius R is equivalent to a circle of radius 
L/R, where (as before) 4 is the fundamental string length scale. 

T-duality typically relates two different theories. For example, it relates 
the two type II and the two heterotic theories. Therefore, the type IIA and 
type IIB theories (also the two heterotic theories) should be regarded as a 
single theory. More precisely, they represent opposite ends of a continuum 
of geometries as one varies the radius of a circular dimension. This radius is 
not a parameter of the underlying theory. Rather, it arises as the vacuum 
expectation value of a scalar field, and it is determined dynamically. 

There are also fancier examples of duality equivalences. For example, 
there is an equivalence of type IIA superstring theory compactified on a 
Calabi-Yau manifold and type IIB compactified on the “mirror” Calabi-Yau 
manifold. This mirror pairing of topologically distinct Calabi-Yau manifolds 
is discussed in Chapter 9. A surprising connection to T-duality will emerge. 


S-duality 
Another kind of duality — called S-duality — was discovered as part of the 
second superstring revolution in the mid-1990s. It is discussed in Chapter 8. 
S-duality relates the string coupling constant gs to 1/gs in the same way 
that T-duality relates R to @2/R. The two basic examples relate the type 
I superstring theory to the SO(32) heterotic string theory and the type 
IIB superstring theory to itself. Thus, given our knowledge of the small 
gs behavior of these theories, given by perturbation theory, we learn how 
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these three theories behave when gs >> 1. For example, strongly coupled 
type I theory is equivalent to weakly coupled SO(32) heterotic theory. In 
the type IIB case the theory is related to itself, so one is actually dealing 
with a symmetry. The string coupling constant gs is given by the vacuum 
expectation value of exp ¢, where ¢ is the dilaton field. S-duality, like T- 
duality, is actually a field transformation, ¢ — —@, and not just a statement 
about vacuum expectation values. 


D-branes 


When studied nonperturbatively, one discovers that superstring theory con- 
tains various p-branes, objects with p spatial dimensions, in addition to the 
fundamental strings. All of the p-branes, with the single exception of the 
fundamental string (which is a 1-brane), become infinitely heavy as gs — 0, 
and therefore they do not appear in perturbation theory. On the other 
hand, when the coupling gs is not small, this distinction is no longer signifi- 
cant. When that is the case, all of the p-branes are just as important as the 
fundamental strings, so there is p-brane democracy. 

The type I and II superstring theories contain a class of p-branes called D- 
branes, whose tension is proportional 1/gs. As was mentioned earlier, their 
defining property is that they are objects on which fundamental strings can 
end. The fact that fundamental strings can end on D-branes implies that 
quantum field theories of the Yang—Mills type, like the standard model, 
reside on the world volumes of D-branes. The Yang-Mills fields arise as 
the massless modes of open strings attached to the D-branes. The fact 
that theories resembling the standard model reside on D-branes has many 
interesting implications. For example, it has led to the speculation that the 
reason we experience four space-time dimensions is because we are confined 
to live on three-dimensional D-branes (D3-branes), which are embedded in a 
higher-dimensional space-time. Model-building along these lines, sometimes 
called the brane-world approach or scenario, is discussed in Chapter 10. 


What is M-theory? 


S-duality explains how three of the five original superstring theories behave 
at strong coupling. This raises the question: What happens to the other 
two superstring theories — type IIA and Eg x Eg heterotic — when gs is large? 
The answer, which came as quite a surprise, is that they grow an eleventh 
dimension of size g,f;. This new dimension is a circle in the type IIA case 
and a line interval in the heterotic case. When the eleventh dimension is 
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large, one is outside the regime of perturbative string theory, and new tech- 
niques are required. Most importantly, a new type of quantum theory in 11 
dimensions, called M-theory, emerges. At low energies it is approximated 
by a classical field theory called 11-dimensional supergravity, but M-theory 
is much more than that. The relation between M-theory and the two super- 
string theories previously mentioned, together with the T and S dualities 
discussed above, imply that the five superstring theories are connected by 
a web of dualities, as depicted in Fig. 1.3. They can be viewed as different 
corners of a single theory. 


type IIA type IIB 


lld 
SUGRA type I 





EsxEs 
SO(32) 


Fig. 1.3. Different string theories are connected through a web of dualities. 


There are techniques for identifying large classes of superstring and M- 
theory vacua, and describing them exactly, but there is not yet a succinct 
and compelling formulation of the underlying theory that gives rise to these 
vacua. Such a formulation should be completely unique, with no adjustable 
dimensionless parameters or other arbitrariness. Many things that we usu- 
ally take for granted, such as the existence of a space-time manifold, are 
likely to be understood as emergent properties of specific vacua rather than 
identifiable features of the underlying theory. If this is correct, then the 
missing formulation of the theory must be quite unlike any previous theory. 
Usual approaches based on quantum fields depend on the existence of an 
ambient space-time manifold. It is not clear what the basic degrees of free- 
dom should be in a theory that does not assume a space-time manifold at 
the outset. 

There is an interesting proposal for an exact quantum mechanical descrip- 
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tion of M-theory, applicable to certain space-time backgrounds, that goes 
by the name of Matrix theory. Matrix theory gives a dual description of M- 
theory in flat 11-dimensional space-time in terms of the quantum mechanics 
of N x N matrices in the large N limit. When n of the spatial dimensions 
are compactified on a torus, the dual Matrix theory becomes a quantum 
field theory in n spatial dimensions (plus time). There is evidence that this 
conjecture is correct when n is not too large. However, it is unclear how to 
generalize it to other compactification geometries, so Matrix theory provides 
only pieces of a more complete description of M-theory. 


F-theory 


As previously discussed, the type IIA and heterotic Eg x Eg theories can be 
viewed as arising from a more fundamental eleven-dimensional theory, M- 
theory. One may wonder if the other superstring theories can be derived in 
a similar fashion. An approach, called F-theory, is described in Chapter 9. 
It utilizes the fact that ten-dimensional type IIB superstring theory has a 
nonperturbative SL(2,Z) symmetry. Moreover, this is the modular group 
of a torus and the type IIB theory contains a complex scalar field 7 that 
transforms under SL(2,Z) as the complex structure of a torus. Therefore, 
this symmetry can be given a geometric interpretation if the type IIB theory 
is viewed as having an auxiliary two-torus T? with complex structure r. The 
SL(2, Z) symmetry then has a natural interpretation as the symmetry of the 
torus. 


Flux compactifications 


One question that already bothered Kaluza and Klein is why should the 
fifth dimension curl up? Another puzzle in those early days was the size of 
the circle, and what stabilizes it at a particular value. These questions have 
analogs in string theory, where they are part of what is called the moduli- 
space problem. In string theory the shape and size of the internal manifold 
is dynamically determined by the vacuum expectation values of scalar fields. 
String theorists have recently been able to provide answers to these questions 
in the context of flux compactifications , which is a rapidly developing area 
of modern string theory research. This is discussed in Chapter 10. 

Even though the underlying theory (M-theory) is unique, it admits an 
enormous number of different solutions (or quantum vacua). One of these 
solutions should consist of four-dimensional Minkowski space-time times a 
compact manifold and accurately describes the world of particle physics. 
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One of the major challenges of modern string theory research is to find this 
solution. 

It would be marvelous to identify the correct vacuum, and at the same 
time to understand why it is the right one. Is it picked out by some spe- 
cial mathematical property, or is it just an environmental accident of our 
particular corner of the Universe? The way this question plays out will be 
important in determining the extent to which the observed world of particle 
physics can be deduced from first principles. 


Black-hole entropy 


It follows from general relativity that macroscopic black holes behave like 
thermodynamic objects with a well-defined temperature and entropy. The 
entropy is given (in gravitational units) by 1/4 the area of the event horizon, 
which is the Bekenstein—Hawking entropy formula. In quantum theory, an 
entropy S ordinarily implies that there are a large number of quantum states 
(namely, exp S of them) that contribute to the corresponding microscopic 
description. So a natural question is whether this rule also applies to black 
holes and their higher-dimensional generalizations, which are called black p- 
branes. D-branes provide a set-up in which this question can be investigated. 

In the early work on this subject, reliable techniques for counting mi- 
crostates only existed for very special types of black holes having a large 
amount of supersymmetry. In those cases one found agreement with the 
entropy formula. More recently, one has learned how to analyze a much 
larger class of black holes and black p-branes, and even how to compute 
corrections to the area formula. This subject is described in Chapter 11. 
Many examples have been studied and no discrepancies have been found, 
aside from corrections that are expected. It is fair to say that these studies 
have led to a much deeper understanding of the thermodynamic properties 
of black holes in terms of string-theory microphysics, a fact that is one of 
the most striking successes of string theory so far. 


AdS/CFT duality 


A remarkable discovery made in the late 1990s is the exact equivalence (or 
duality) of conformally invariant quantum field theories and superstring the- 
ory or M-theory in special space-time geometries. A collection of coincident 
p-branes produces a space-time geometry with a horizon, like that of a black 
hole. In the vicinity of the horizon, this geometry can be approximated by a 
product of an anti-de Sitter space and a sphere. In the example that arises 
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from considering N coincident D3-branes in the type IIB superstring the- 
ory, one obtains a duality between SU(N) Yang-Mills theory with M = 4 
supersymmetry in four dimensions and type IIB superstring theory in a 
ten-dimensional geometry given by a product of a five-dimensional anti-de 
Sitter space (AdS5) and a five-dimensional sphere (95). There are N units of 
five-form flux threading the five sphere. There are also analogous M-theory 
dualities. 

These dualities are sometimes referred to as AdS/CFT dualities. AdS 
stands for anti-de Sitter space, a maximally symmetric space-time geom- 
etry with negative scalar curvature. CFT stands for conformal field the- 
ory, a quantum field theory that is invariant under the group of conformal 
transformations. This type of equivalence is an example of a holographic 
duality, since it is analogous to representing three-dimensional space on a 
two-dimensional emulsion. The study of these dualities is teaching us a 
great deal about string theory and M-theory as well as the dual quantum 
field theories. Chapter 12 gives an introduction to this vast subject. 


String and M-theory cosmology 


The field of superstring cosmology is emerging as a new and exciting dis- 
cipline. String theorists and string-theory considerations are injecting new 
ideas into the study of cosmology. This might be the arena in which predic- 
tions that are specific to string theory first confront data. 

In a quantum theory that contains gravity, such as string theory, the cos- 
mological constant, A, which characterizes the energy density of the vacuum, 
is (at least in principle) a computable quantity. This energy (sometimes 
called dark energy) has recently been measured to fairly good accuracy, and 
found to account for about 70% of the total mass/energy in the present-day 
Universe. This fraction is an increasing function of time. The observed 
value of the cosmological constant /dark energy is important for cosmology, 
but it is extremely tiny when expressed in Planck units (about 107120), 
The first attempts to account for A > 0 within string theory and M-theory, 
based on compactifying 11-dimensional supergravity on time-independent 
compact manifolds, were ruled out by “no-go” theorems. However, certain 
nonperturbative effects allow these no-go theorems to be circumvented. 

A viewpoint that has gained in popularity recently is that string theory 
can accommodate almost any value of A, but only solutions for which A is 
sufficiently small describe a Universe that can support life. So, if it were 
much larger, we wouldn’t be here to ask the question. This type of reasoning 
is called anthropic. While this may be correct, it would be satisfying to have 
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another explanation of why A is so small that does not require this type of 
reasoning. 

Another important issue in cosmology concerns the accelerated expansion 
of the very early Universe, which is referred to as inflation. The observa- 
tional case for inflation is quite strong, and it is an important question to 
understand how it arises from a fundamental theory. Before the period of 
inflation was the Big Bang, the origin of the observable Universe, and much 
effort is going into understanding that. Two radically different proposals 
are quantum tunneling from nothing and a collision of branes. 


2 


The bosonic string 


This chapter introduces the simplest string theory, called the bosonic string. 
Even though this theory is unrealistic and not suitable for phenomenology, 
it is the natural place to start. The reason is that the same structures 
and techniques, together with a number of additional ones, are required for 
the analysis of more realistic superstring theories. This chapter describes 
the free (noninteracting) theory both at the classical and quantum levels. 
The next chapter discusses various techniques for introducing and analyzing 
interactions. 

A string can be regarded as a special case of a p-brane, a p-dimensional 
extended object moving through space-time. In this notation a point particle 
corresponds to the p = 0 case, in other words to a zero-brane. Strings 
(whether fundamental or solitonic) correspond to the p = 1 case, so that they 
can also be called one-branes. Two-dimensional extended objects or two- 
branes are often called membranes. In fact, the name p-brane was chosen 
to suggest a generalization of a membrane. Even though strings share some 
properties with higher-dimensional extended objects at the classical level, 
they are very special in the sense that their two-dimensional world-volume 
quantum theories are renormalizable, something that is not the case for 
branes of higher dimension. This is a crucial property that makes it possible 
to base quantum theories on them. In this chapter we describe the string as 
a special case of p-branes and describe the properties that hold only for the 
special case p = 1. 


2.1 p-brane actions 


This section describes the free motion of p-branes in space-time using the 
principle of minimal action. Let us begin with a point particle or zero-brane. 
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Relativistic point particle 
The motion of a relativistic particle of mass m in a curved D-dimensional 
space-time can be formulated as a variational problem, that is, an action 
principle. Since the classical motion of a point particle is along geodesics, 
the action should be proportional to the invariant length of the particle’s 
trajectory 


So = -a | as, (2.1) 


where q@ is a constant and A = c = 1. This length is extremized in the 
classical theory, as is illustrated in Fig. 2.1. 


X°A 











> 
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Fig. 2.1. The classical trajectory of a point particle minimizes the length of the 
world line. 


Requiring the action to be dimensionless, one learns that œ has the di- 
mensions of inverse length, which is equivalent to mass in our units, and 
hence it must be proportional to m. As is demonstrated in Exercise 2.1, the 
action has the correct nonrelativistic limit if a = m, so the action becomes 


So = -m f as. (2.2) 
In this formula the line element is given by 
ds? = —g,,(X)dX"dX”. (2.3) 


Here g,(X), with u,v = 0,...,D — 1, describes the background geome- 
try, which is chosen to have Minkowski signature (— + ---+). The minus 
sign has been introduced here so that ds is real for a time-like trajectory. 
The particle’s trajectory X(T), also called the world line of the particle, is 
parametrized by a real parameter 7, but the action is independent of the 
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choice of parametrization (see Exercise 2.2). The action (2.2) therefore takes 
the form 





Gm J \ -9m (X)*“*”dr, (2.4) 


where the dot represents the derivative with respect to T. 

The action Sg has the disadvantage that it contains a square root, so that 
it is difficult to quantize. Furthermore, this action obviously cannot be used 
to describe a massless particle. These problems can be circumvented by 
introducing an action equivalent to the previous one at the classical level, 
which is formulated in terms of an auxiliary field e(r) 


So = JG ee — me) : (2.5) 


where X? = g,,(X)X"X”. Reparametrization invariance of So requires that 
e(T) transforms in an appropriate fashion (see Exercise 2.3). The equation 
of motion of e(T), given by setting the variational derivative of this action 
with respect to e(T) equal to zero, is m?e? + X? = 0. Solving for e(r) and 
substituting back into So gives So. 


Generalization to the p-brane action 


The action (2.4) can be generalized to the case of a string sweeping out 
a two-dimensional world sheet in space-time and, in general, to a p-brane 
sweeping out a (p + 1)-dimensional world volume in D-dimensional space- 
time. It is necessary, of course, that p < D. For example, a membrane or 
two-brane sweeps out a three-dimensional world volume as it moves through 
a higher-dimensional space-time. This is illustrated for a string in Fig. 2.2. 

The generalization of the action (2.4) to a p-brane naturally takes the 
form 


Sp = -Ty | dpp (2.6) 


Here Tp is called the p-brane tension and dup is the (p + 1)-dimensional 
volume element given by 


dup = y/— det Gag Pto, (2.7) 


where the induced metric is given by 
Gab = Juu (X)ða X" 3983X” a, p =0,...,p. (2.8) 


To write down this form of the action, one has taken into account that p- 


0 


brane world volumes can be parametrized by the coordinates o~ = r, which 
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is time-like, and øt, which are p space-like coordinates. Since duty has units 
of (length)?+! the dimension of the p-brane tension is 


mass 


[Ty] (length) (length)? , 


(2.9) 


or energy per unit p-volume. 





EXERCISES 





EXERCISE 2.1 
Show that the nonrelativistic limit of the action (2.1) in flat Minkowski 
space-time determines the value of the constant œ to be the mass of the 
point particle. 


SOLUTION 


In the nonrelativistic limit the action (2.1) becomes 


eS 1 
S= -a | Va =a = -a | TTF ~ -o a (1-54...) 


Comparing the above expansion with the action of a nonrelativistic point 
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Fig. 2.2. The classical trajectory of a string minimizes the area of the world sheet. 
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1 
Snr = f azm, 


gives a = m. In the nonrelativistic limit an additional constant (the famous 


particle, namely 


E = mc? term) appears in the above expansion of So. This constant does 











not contribute to the classical equations of motion. 





EXERCISE 2.2 

One important requirement for the point-particle world-line action is that 
it should be invariant under reparametrizations of the parameter T. Show 
that the action So is invariant under reparametrizations of the world line by 
substituting 7’ = f(r). 


SOLUTION 


The action 
dX" dX, 
rare 


can be written in terms of primed quantities by taking into account 


P. oe dX“ dXť"dr dX" 

















Ser ond dt ~ dr! dr = dr’ P(r). 
This gives, 
= -m f y- _dx HdX,, a _ dX H dX u. 
dr! dr’ dr! dr 











which shows that the action So is invariant under reparametrizations. 





EXERCISE 2.3 

The action So in Eq. (2.5) is also invariant under reparametrizations of the 
particle world line. Even though it is not hard to consider finite transfor- 
mations, let us consider an infinitesimal change of parametrization 


tTot=f(r)=7-€(r). 


Verify the invariance of So under an infinitesimal reparametrization. 


SOLUTION 


The field X” transforms as a world-line scalar, X“’(r’) = X” (T). Therefore, 
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the first-order shift in X” is 
X” = XM (T) — X”(T) = Elr) X". 


Notice that the fact that X# has a space-time vector index is irrelevant 
to this argument. The auxiliary field e(r) transforms at the same time 
according to 


e'(T')dr = e(r)dr. 
Infinitesimally, this leads to 


ôe = e'(T) — e(T) = L lee). 


Let us analyze the special case of a flat space-time metric guu (X) = nuv, 
even though the result is true without this restriction. In this case the vector 
index on X” can be raised and lowered inside derivatives. The expression 
So has the variation 


za T 2X"8X, X"X 
65 = 5 fa ÔX y E Se ne). 





e e? 
Here 6X py is given by 
. d oe 5 
IG = ape = CX er EX- 
Together with the expression for de, this yields 


5So = JG k (EX, + €%,) a (że | ge) et) 








dt 


The last term can be dropped because it is a total derivative. The remaining 
terms can be written as 


TE i ame 


This is a total derivative, so it too can be dropped (for suitable boundary 
conditions). Therefore, So is invariant under reparametrizations. 














EXERCISE 2.4 

The reparametrization invariance that was checked in the previous exercise 
allows one to choose a gauge in which e = 1. As usual, when doing this one 
should be careful to retain the e equation of motion (evaluated for e = 1). 
What is the form and interpretation of the equations of motion for e and 
X" resulting from So? 
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SOLUTION 


The equation of motion for e derived from the action principle for So is given 
by the vanishing of the variational derivative 


Š 
ôe 


Choosing the gauge e(7) = 1, we obtain the equation 


1 a 
=-5 (c?X#X, +m?) =0. 


XX, +m? =0. 


Since p” = X" is the momentum conjugate to X”, this equation is simply 
the mass-shell condition p? + m? = 0, so that m is the mass of the particle, 
as was shown in Exercise 2.1. The variation with respect to X” gives the 
second equation of motion 


i , 1 Sa 
=z (Iu X") + 5 nGerX?X* 


ve: P 1 ae 
= (050 AOA — Gap X” + 52uIpa X. XÀ =0. 
This can be brought to the form 
XY 4718, XPX* =0, (2.10) 
where 


1 
ea = z9” (p9 T OG pv = OvGpx) 


is the Christoffel connection (or Levi-Civita connection). Equation (2.10) 
is the geodesic equation. Note that, for a flat space-time, Tia vanishes 
in Cartesian coordinates, and one recovers the familiar equation of motion 
for a point particle in flat space. Note also that the more conventional 
normalization (X“X,, +1 = 0) would have been obtained by choosing the 
gauge e = 1/m. o 





EXERCISE 2.5 

The action of a p-brane is invariant under reparametrizations of the p + 1 
world-volume coordinates. Show this explicitly by checking that the action 
(2.6) is invariant under a change of variables 0° — o® (©). 


SOLUTION 


Under this change of variables the induced metric in Eq. (2.8) transforms in 
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the following way: 


CONF ORE > i OXF rh AOA” 
Gop = Bo dab I” =(F a Pa (f )5 azs Juv» 
where 
ON ðo% 
f3 (5) = PA 


Defining J to be the Jacobian of the world-volume coordinate transforma- 
tion, that is, J = det fọ, the determinant appearing in the action becomes 


OX" OX” = OX" OX” 
det (Guar oor = iJ 2 det (suo or : 


The measure of the integral transforms according to 
Plo = JPY, 


so that the Jacobian factors cancel, and the action becomes 


x XH OX” 
Sp = -n f #”a y- det (on) . 


Therefore, the action is invariant under reparametrizations of the world- 














volume coordinates. 





2.2 The string action 


This section specializes the discussion to the case of a string (or one-brane) 
propagating in D-dimensional flat Minkowski space-time. The string sweeps 
out a two-dimensional surface as it moves through space-time, which is called 
the world sheet. The points on the world sheet are parametrized by the two 


coordinates o? = r, which is time-like, and at = ø, which is space-like. If 
the variable o is periodic, it describes a closed string. If it covers a finite 


interval, the string is open. This is illustrated in Fig. 2.3. 


The Nambu-Goto action 


The space-time embedding of the string world sheet is described by functions 
X"(o,T), as shown in Fig. 2.4. The action describing a string propagating 
in a flat background geometry can be obtained as a special case of the 
more general p-brane action of the previous section. This action, called the 
Nambu-Goto action, takes the form 





SNG = -T f dary% - X") — X2 X?’?, (2.11) 
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where 


= a and X" = oe 


‘au 
x Or Oo’ 








(2.12) 


and the scalar products are defined in the case of a flat space-time by A- B = 
Nu A" BY. The integral appearing in this action describes the area of the 
world sheet. As a result, the classical string motion minimizes (or at least 
extremizes) the world-sheet area, just as classical particle motion makes the 
length of the world line extremal by moving along a geodesic. 


0 


a X 
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Fig. 2.3. The world sheet for the free propagation of an open string is a rectangular 
surface, while the free propagation of a closed string sweeps out a cylinder. 
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Fig. 2.4. The functions X” (ø,rT) describe the embedding of the string world sheet 
in space-time. 
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The string sigma model action 


Even though the Nambu—Goto action has a nice physical interpretation as 
the area of the string world sheet, its quantization is again awkward due to 
the presence of the square root. An action that is equivalent to the Nambu- 
Goto action at the classical level, because it gives rise to the same equations 
of motion, is the string sigma model action. 

The string sigma-model action is expressed in terms of an auxiliary world- 
sheet metric hag(a,T), which plays a role analogous to the auxiliary field 
e(T) introduced for the point particle. We shall use the notation hag for the 
world-sheet metric, whereas g,,, denotes a space-time metric. Also, 


h=dethag and h¥=(h")ag, (2.13) 


as is customary in relativity. In this notation the string sigma-model action 
is 


1 
Soe / Pov -hh aX - OgX. (2.14) 


At the classical level the string sigma-model action is equivalent to the 
Nambu-Goto action. However, it is more convenient for quantization. 





EXERCISES 





EXERCISE 2.6 

Derive the equations of motion for the auxiliary metric hag and the bosonic 
field X” in the string sigma-model action. Show that classically the string 
sigma-model action (2.14) is equivalent to the Nambu-Goto action (2.11). 


SOLUTION 


As for the point-particle case discussed earlier, the auxiliary metric hag ap- 
pearing in the string sigma-model action can be eliminated using its equa- 
tions of motion. Indeed, since there is no kinetic term for hag, its equation 
of motion implies the vanishing of the world-sheet energy-momentum tensor 


1 This action, traditionally called the Polyakov action, was discovered by Brink, Di Vecchia and 
Howe and by Deser and Zumino several years before Polyakov skillfully used it for path-integral 
quantization of the string. 
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Tag, that is, 
2 1 Ss _ 0 
T J—h hb 


To evaluate the variation of the action, the following formula is useful: 





Tag = 


6h = —hhagôh®, 
which implies that 


WR = 5 Vihagih®?. (2.15) 


After taking the variation of the action, the result for the energy-momentum 
tensor takes the form 


1 
Tag = ða X - 3X = shah”? 0, X -O5X =0. 


This is the equation of motion for hag, which can be used to eliminate 
hag from the string sigma-model action. The result is the Nambu-Goto 
action. The easiest way to see this is to take the square root of minus the 
determinant of both sides of the equation 


1 
aX - ðX = shah” 0X O5X. 


This gives 





— det(O,X -gX) = IVIR h0, X - ðX. 
b 2 y 


Finally, the equation of motion for X#, obtained from the Euler-Lagrange 
condition, is 


AX" = -ôa (V=hh®® 3X") =0. 














EXERCISE 2.7 
Calculate the nonrelativistic limit of the Nambu-Goto action 


SNG = -r f drdo,/— det Gap, Gog = Oa X" OgX 


for a string in Minkowski space-time. Use the static gauge, which fixes 
the longitudinal directions X? = r, X! = ø, while leaving the transverse 
directions X’ free. Show that the kinetic energy contains only the transverse 
velocity. Determine the mass per unit length of the string. 
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SOLUTION 


In the static gauge 


m m 
det Gag = act ( OO, A oA n ) 


os X"ô-Xı Og X"OgX yp 
ar ( —14+0,X'0,X; 0, X'0,Xj ) l 
Og X’'0-Xi 1 +s X’'ðsXi 
Then, 
det Gag © —1+0,X'0,X;i — 3o X's Xi +... 
Here the dots indicate higher-order terms that can be dropped in the non- 


relativistic limit for which the velocities are small. In this limit the action 
becomes (after a Taylor expansion) 





SNG = -T f ardoy/| =o ag 0, XO, X; = -Xt Xil 


1 i 1 ; 
N T | drdo (-1 + z2r X'0-X; — 350X80, X;) ; 


The first term in the parentheses gives —m f dr, if L is the length of the o 
interval and m = LT. This is the rest-mass contribution to the potential 
energy. Note that L is a distance in space, because of the choice of static 
gauge. Thus the tension T can be interpreted as the mass per unit length, or 
mass density, of the string. The last two terms of the above formula are the 
kinetic energy and the negative of the potential energy of a nonrelativistic 














string of tension T. 


EXERCISE 2.8 
Show that if a cosmological constant term is added to the string sigma-model 
action, so that 


T 
Seng re Pov =hh ða X"#OgX +A i @o/—h, 


it leads to inconsistent classical equations of motion. 


SOLUTION 


The equation of motion for the world-sheet metric is 
2 OS, 


1 
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where we have used Eq. (2.15). Contracting with h” gives 
y 1 yò aß u 
hyh” A =T(Shysh — Wh ða X" 06X,- 
Since hygh” = 2, the right-hand side vanishes. Thus, assuming h Æ 0, 


consistency requires A = 0. In other words, adding a cosmological constant 
term gives inconsistent classical equations of motion. 














EXERCISE 2.9 
Show that the sigma-model form of the action of a p-brane, for p Æ 1, 
requires a cosmological constant term. 


SOLUTION 


Consider a p-brane action of the form 
T, 
SE E i Ploy —hh°f3aX - ABX + Np if dP 64/—h. (2.16) 


The equation of motion for the world-volume metric is obtained exactly as 
in the previous exercise, with the result 


1 
T [ðX « O5X — alin (h Oa X -OgX)| + Aphyg = 0. 


This equation is not so easy to solve directly, so let us instead investigate 
whether it is solved by equating the world-volume metric to the induced 
metric 


hap = aX + gX. (2.17) 


Substituting this ansatz in the previous equation and dropping common 
factors gives 


Tp(1 — sh hag) + Ap =0. 


Substituting h°? hag = p + 1, one learns that 


1 
Ap = zP — 1)T,. (2.18) 
Thus, consistency requires this choice of Ny? This confirms the previous 
result that A; = 0 and shows that A, # 0 for p # 1. Substituting the 
value of the metric in Eq. (2.17) and the value of A, in Eq. (2.18), one finds 
that Eq. (2.16) is equivalent classically to Eq. (2.6). For the special case of 


2 A different value is actually equivalent, if one makes a corresponding rescaling of hag. However, 
this results in a multiplicative factor in the relation (2.17). 
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p = 0, this reproduces the result in Eq. (2.5) if one makes the identifications 


To = m and hoo = —m?e?. oO 





2.3 String sigma-model action: the classical theory 


In this section we discuss the symmetries of the string sigma-model action in 
Eq. (2.14). This is helpful for writing the string action in a gauge in which 
quantization is particularly simple. 


Symmetries 


The string sigma-model action for the bosonic string in Minkowski space- 
time has a number of symmetries: 


e Poincaré transformations. These are global symmetries under which the 
world-sheet fields transform as 


X! =a”, XY” +b” and 8h = 0. (2.19) 


Here the constants a”, (with apv = —a,,) describe infinitesimal Lorentz 
transformations and b” describe space-time translations. 

e Reparametrizations. The string world sheet is parametrized by two coor- 
dinates 7 and o, but a change in the parametrization does not change the 
action. Indeed, the transformations 


OF ar 


o% > f%(c) =a" and hagla) = 904 Dob yalo") 


(2.20) 


leave the action invariant. These local symmetries are also called diffeo- 
morphisms. Strictly speaking, this implies that the transformations and 
their inverses are infinitely differentiable. 

e Weyl transformations. The action is invariant under the rescaling 


hag > ef hag and 5X#=0, (2.21) 


since V—h — e?/—h and h°? — e7?h°P give cancelling factors. This 
local symmetry is the reason that the energy-momentum tensor is trace- 
less. 


Poincaré transformations are global symmetries, whereas reparametriza- 
tions and Weyl transformations are local symmetries. The local symmetries 
can be used to choose a gauge, such as the static gauge discussed earlier, or 
else one in which some of the components of the world-sheet metric hag are 
of a particular form. 
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Gauge fixing 
The gauge-fixing procedure described earlier for the point particle can be 
generalized to the case of the string. In this case the auxiliary field has three 
independent components, namely 


_ (ho ho 
hag cr o s ’ (2.22) 


where hig = hoi. Reparametrization invariance allows us to choose two of 
the components of h, so that only one independent component remains. But 
this remaining component can be gauged away by using the invariance of the 
action under Weyl rescalings. So in the case of the string there is sufficient 
symmetry to gauge fix hag completely. As a result, the auxiliary field hag 
can be chosen as 


—1 0 
hap = Nag = ( 0 3 (2.23) 


Actually such a flat world-sheet metric is only possible if there is no topo- 
logical obstruction. This is the case when the world sheet has vanishing 
Euler characteristic. Examples include a cylinder and a torus. When a flat 
world-sheet metric is an allowed gauge choice, the string action takes the 
simple form 


S= 5 fe =P). (2.24) 


The string actions discussed so far describe propagation in flat Minkowski 
space-time. Keeping this requirement, one could consider the following two 
additional terms, both of which are renormalizable (or super-renormalizable) 
and compatible with Poincaré invariance, 


Si =À J dov=h and S= I dov ZhR® (h). (2.25) 


Sı is a cosmological constant term on the world sheet. This term is not 
allowed by the equations of motion (see Exercise 2.8). The term S2 involves 
R®)(h), the scalar curvature of the two-dimensional world-sheet geometry. 
Such a contribution raises interesting issues, which are explored in the next 
chapter. For now, let us assume that it can be ignored. 


Equations of motion and boundary conditions 
Equations of motion 


Let us now suppose that the world-sheet topology allows a flat world-sheet 
metric to be chosen. For a freely propagating closed string a natural choice 
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is an infinite cylinder. Similarly, the natural choice for an open string is an 
infinite strip. In both cases, the motion of the string in Minkowski space is 
governed by the action in Eq. (2.24). This implies that the X” equation of 
motion is the wave equation 


2 2 
goian aw (22 2.) xP 6, (2.26) 
ss ðo? ðr? 


Since the metric on the world sheet has been gauge fixed, the vanishing of the 
energy-momentum tensor, that is, Tyg = 0 originating from the equation 
of motion of the world-sheet metric, must now be imposed as an additional 
constraint condition. In the gauge hag = Nag the components of this tensor 
are 


; i eee 
Tor =Ti =X-X’ and Too=Ti= e +X’). (2.27) 


Using Too = T11, we see the vanishing of the trace of the energy-momentum 
tensor TrT = n°°T, a8 = Tıı — Too. This is a consequence of Weyl invariance, 
as was mentioned before. 


Boundary conditions 


In order to give a fully defined variational problem, boundary conditions 
need to be specified. A string can be either closed or open. For convenience, 
let us choose the coordinate o to have the range 0 < o < m. The stationary 
points of the action are determined by demanding invariance of the action 
under the shifts 


X" — X"+ 8X". (2.28) 


In addition to the equations of motion, there is the boundary term 
-T J dr [X 0X" pp — X, X"|o=0] , (2.29) 


which must vanish. There are several different ways in which this can be 
achieved. For an open string these possibilities are illustrated in Fig. 2.5. 


e Closed string. In this case the embedding functions are periodic, 
X” (o, T) = X" (o +7,7). (2.30) 


e Open string with Neumann boundary conditions. In this case the com- 
ponent of the momentum normal to the boundary of the world sheet 
vanishes, that is, 


X, =0 at o= 0,7. (2.31) 
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If this choice is made for all u, these boundary conditions respect D- 
dimensional Poincaré invariance. Physically, they mean that no momen- 
tum is flowing through the ends of the string. 

Open string with Dirichlet boundary conditions. In this case the positions 
of the two string ends are fixed so that 6X“ = 0, and 


X*[oa0= X# and = X"|gag = X#, (2.32) 


where X/ and Xf are constants and u = 1,...,D — p— 1. Neumann 
boundary conditions are imposed for the other p+ 1 coordinates. Dirich- 
let boundary conditions break Poincaré invariance, and for this reason 
they were not considered for many years. But, as is discussed in Chap- 
ter 6, there are circumstances in which Dirichlet boundary conditions are 
unavoidable. The modern interpretation is that X}' and Xf represent the 
positions of Dp-branes. A Dp-brane is a special type of p-brane on which a 
fundamental string can end. The presence of a Dp-brane breaks Poincaré 
invariance unless it is space-time filling (p = D — 1). 


Solution to the equations of motion 


To find the solution to the equations of motion and constraint equations it 
is convenient to introduce world-sheet light-cone coordinates, defined as 








a 


=TLO. 





(2.33) 


In these coordinates the derivatives and the two-dimensional Lorentz metric 


take the form 


























er ees mee n-\__1/0 1 
4 5 (Or Oz) and a ie me e a . (2.34) 
X ‘(6,7) X '(6,1) 
ie. si aes 
o=0 o=r o=0 OST 


Fig. 2.5. Illustration of Dirichlet (left) and Neumann (right) boundary conditions. 
The solid and dashed lines represent string positions at two different times. 
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In light-cone coordinates the wave equation for X" is 
0,0_X" =0. (2.35) 


The vanishing of the energy-momentum tensor becomes 


T}+ SOX aX =0, (2.36) 
T_— =0_XFOLK = 0, (2.37) 
while T}- = T_, = 0 expresses the vanishing of the trace, which is auto- 


matic. The general solution of the wave equation (2.35) is given by 
X” (o,r) = X(T- 0) + X”(r +0), (2.38) 


which is a sum of right-movers and left-movers. To find the explicit form of 
Xp and X; one should require X” (o,r) to be real and impose the constraints 


(3-Xr)}? = (34X1) = 0. (2.39) 


The quantum version of these constraints will be discussed in the next sec- 
tion. 


Closed-string mode expansion 


The most general solution of the wave equation satisfying the closed-string 
boundary condition is given by 








1 
XE = gt + sie “I, SS tlie 2in(r— a) (2.40) 
nzo” 
I 
XES 37 sp o)4 T De aie rte), (2.41) 
neon” 


where x“ is a center-of-mass position and p” is the total string momentum, 
describing the free motion of the string center of mass. The exponential 
terms represent the string excitation modes. Here we have introduced a new 
parameter, the string length scale ls, which is related to the string tension 
T and the open-string Regge slope parameter a’ by 


1 
oa and z% =g. (2.42) 


The requirement that XK and XË are real functions implies that z” and p” 
are real, while positive and negative modes are conjugate to each other 


aË, = (a£ )* and aE =a (2.43) 
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The terms linear in ø cancel from the sum Xf + X#, so that closed-string 
boundary conditions are indeed satisfied. Note that the derivatives of the 
expansions take the form 


+oo 
Oa S cake rr a) (2.44) 
m=— o0 
+00 
Oe Sie Se ae re (2.45) 
m=— o0 
where 
A 1 
ah =o, = zlsP". (2.46) 


These expressions are useful later. In order to quantize the theory, let us 
first introduce the canonical momentum conjugate to X#. It is given by 


6S 


P¥(o,7T) = —— = TX". 2.47 
(0.7) = (2.47) 
With this definition of the canonical momentum, the classical Poisson brack- 
ets are 

pH P”(o' | = [x X” (o' =i} 2.48 
[Pre Pn] = [X"(a,7), X*(0',7)] (2.48) 
[P(o T), X” (0, 7)| Bee nt” (o — o’). (2.49) 

In terms of X” 
x" (a, 7), X” (0', r)| op Eto — 0’). (2.50) 


Inserting the mode expansion for X” and X” into these equations gives the 
Poisson brackets satisfied by the modes? 


jatar on E [Enak] sa = imn” bm-4n,0 (2.51) 


and 
[ah àn] pp. = 0- (2.52) 


3 The derivation of the commutation relations for the modes uses the Fourier expansion of the 
Dirac delta function 


+020 
fA ES 1 2in(o—0') 
d(a — o’) = — > e : 
Tv 


n=— o0 
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2.4 Canonical quantization 


The world-sheet theory can now be quantized by replacing Poisson brackets 
by commutators 


[-.--Jpp >il]. (2.53) 
This gives 
[am On] = Am Anl] = M Smino, [ahn An] = 0. (2.54) 
Defining 
ah, = yi and ati = Sogi for m > 0, (2.55) 


the algebra satisfied by the modes is essentially the algebra of raising and 
lowering operators for quantum-mechanical harmonic oscillators 


[at a¥t) = [at av] = n” m,n for m,n > 0. (2.56) 
There is just one unusual feature: the commutators of time components 


have a negative sign, that is, 


m?! |m 


ag aft | =-—l. (2.57) 


This results in negative norm states, which will be discussed in a moment. 
The spectrum is constructed by applying raising operators on the ground 
state, which is denoted |0}. By definition, the ground state is annihilated 
by the lowering operators: 


ae |0} = 0 for m >Q. (2.58) 
One can also specify the momentum k” carried by a state |), 

J6) = afitat2t ..-atnt|0; k), (2.59) 
which is the eigenvalue of the momentum operator p“, 


pi |) = k*|¢). (2.60) 


It should be emphasized that this is first quantization, and all of these states 
(including the ground state) are one-particle states. Second quantization 
requires string field theory, which is discussed briefly at the end of Chapter 3. 

The states with an even number of time-component operators have pos- 
itive norm, while those that are constructed with an odd number of time- 
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component operators have negative norm.* A simple example of a negative- 
norm state is given by 


a0) with norm  (0a?,a°t|0) = —1, (2.61) 


where the ground state is normalized as (0|0) = 1. In order for the theory 
to be physically sensible, it is essential that all physical states have positive 
norm. Negative-norm states in the physical spectrum of an interacting the- 
ory would lead to violations of causality and unitarity. The way in which the 
negative-norm states are eliminated from the physical spectrum is explained 
later in this chapter. 


Open-string mode expansion 


The general solution of the string equations of motion for an open string 
with Neumann boundary conditions is given by 


X" (t,o) = £! + Pots + ils Ss ~ alten cos(mo). (2.62) 
m#0 
Mode expansions for other type of boundary conditions are given as home- 
work problems. Note that, for the open string, only one set of modes af, 
appears, whereas for the closed string there are two independent sets of 
modes ah, and àh. The open-string boundary conditions force the left- and 
right-moving modes to combine into standing waves. For the open string 














oo 
2894X" = Xe + yu = l > al e-o), (2.63) 


m=— Co 


where, af = lap". 


Hamiltonian and energy-momentum tensor 


As discussed above, the string sigma-model action is invariant under various 
symmetries. 


Noether currents 


Recall that there is a standard method, due to Noether, for constructing a 
conserved current Ja associated with a global symmetry transformation 


$ —> b+ beg, (2.64) 


4 States that have negative norm are sometimes called ghosts, but we reserve that word for the 
ghost fields that are arise from covariant BRST quantization in the next chapter. 
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where ¢ is any field of the theory and € is an infinitesimal parameter. Such 
a transformation is a symmetry of the theory if it leaves the equations of 
motion invariant. This is the case if the action changes at most by a surface 
term, which means that the Lagrangian density changes at most by a total 
derivative. The Noether current is then determined from the change in the 
action under the above transformation 


L> LHET”. (2.65) 


When e€ is a constant, this change is a total derivative, which reflects the 
fact that there is a global symmetry. Then the equations of motion imply 
that the current is conserved, 0g/° = 0. The Poincaré transformations 


5X" = alt XY +b, (2.66) 


are global symmetries of the string world-sheet theory. Therefore, they give 
rise to conserved Noether currents. Applying the Noether method to derive 
the conserved currents associated with the Poincaré transformation of X#, 
one obtains 


PH = TdgX", (2.67) 
JOY =T (X"ôa X” = KOOL"), (2.68) 


where the first current is associated with the translation symmetry, and the 
second one originates from the invariance under Lorentz transformations. 


Hamiltonian 


World-sheet time evolution is generated by the Hamiltonian 


T . T N: F 2 
t= X, P” -L£ ao == f X? + X^) do, 2.69 
(Xap £) do=z fi ( ) (2.69) 
where 
Pe L TX", (2.70) 
6X, 


was previously called P“(o,7). Inserting the mode expansions, the result 
for the closed-string Hamiltonian is 


+00 
H= X (a-n:an+@-n: õn), (2.71) 


n=— CoO 


while for the open string the corresponding expression is 


bas 
H= ; = Q-n' An. (2.72) 


n=— o0 
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These results hold for the classical theory. In the quantum theory there are 
ordering ambiguities that need to be resolved. 


Energy momentum tensor 
Let us now consider the mode expansions of the energy-momentum tensor. 
Inserting the closed-string mode expansions for X; and XR into the energy- 
momentum tensor Eqs (2.36), (2.37), one obtains 


T  =9 1? 3 Lme im) and Ty, =2 2 Sc Lage nr), 
m=— o0 m=— Co 


(2.73) 
where the Fourier coefficients are the Virasoro generators 


1 8&2 ee ae 
l= 5 `> Am—n * An and bay = 5 3 m-n ` An: (2.74) 
n=—0oo n=—0oo 
In the same way, one can get the result for the modes of the energy- 
momentum tensor of the open string. Comparing with the Hamiltonian, 
results in the expression 


+00 


1 = f miso a 
5H =lot+lo=5 > (an On + @n + Gn), (2.75) 


n=— 00 


for a closed string, while for an open string 


bR 
H=lo=5 Pee ae (2.76) 


n=—0oo 
The above results hold for the classical theory. Again, in the quantum theory 
one needs to resolve ordering ambiguities. 


Mass formula for the string 


Classically the vanishing of the energy-momentum tensor translates into the 
vanishing of all the Fourier modes 


Lm =0 for m = 0, +1, +2,... (2.77) 














The classical constraint 

Lo = Lo = 0, (2.78) 
can be used to derive an expression for the mass of a string. The relativistic 
mass-shell condition is 

M? = —pyp", (2.79) 
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where p, is the total momentum of the string. This total momentum is 
given by 


=T f doX"(o), (2.80) 


so that only the zero mode in the mode expansion of X (o, T) contributes. 
For the open string, the vanishing of Lo then becomes 


OO OO 
1 
Lo = J Qn ' Qn + 5% = J a-n’ an +a'p =0, (2.81) 


n=1 n=1 


which gives a relation between the mass of the string and the oscillator 
modes. For the open string one gets the relation 


2 1 = 
M? = 7 On On. (2.82) 
nt 


For the closed string one has to take the left-moving and right-moving modes 
into account, and then one obtains 


Co 


2 DS bo 
M? = 5 D (Om an + Gm Gn). (2.83) 
n=1 


These are the mass-shell conditions for the string, which determine the mass 
of a given string state. In the quantum theory these relations get slightly 
modified. 


The Virasoro algebra 
Classical theory 


In the classical theory the Virasoro generators satisfy the algebra 
[Lm, Lalo pg. = tt — n)Lm+n- (2.84) 


The appearance of the Virasoro algebra is due to the fact that the gauge 
choice Eq. (2.23) has not fully gauge fixed the reparametrization symmetry. 
Let ¿% be an infinitesimal parameter for a reparametrization and let A be an 
infinitesimal parameter for a Weyl rescaling. Then residual reparametriza- 
tion symmetries satisfying 


A%E? + OPEL = ANP, (2.85) 


still remain. These are the reparametrizations that are also Weyl rescalings. 




















If one defines the combinations + = £? + ¿t and ot = o? + øt, then one 


2.4 Canonical quantization 41 


finds that Eq. (2.85) is solved by 





























ét =Et(ot) and € =E (07). (2.86) 
The infinitesimal generators for the transformations do* = ¿= are given by 
1 O 





and a complete basis for these transformations is given by 

















EF (ot) = e nez. (2.88) 





The corresponding generators V7 give two copies of the Virasoro algebra. 
In the case of open strings there is just one Virasoro algebra, and the in- 
finitesimal generators are 


: nta nO. 
Vn = e” —— + ere əc- n E Z. (2.89) 


In the classical theory the equation of motion for the metric implies the 
vanishing of the energy-momentum tensor, that is, T}+ = 7T__ = 0, which 
in terms of the Fourier components of Eq. (2.73) is 


ieee 
E= 3 `> Am—n* Aan = 0 for m EZ. (2.90) 


n=— CoO 


In the case of closed strings, there are also corresponding Lm conditions. 


Quantum theory 


In the quantum theory these operators are defined to be normal-ordered, 
that is, 


(oe) 


1 
Lm =n `> Aman An? - (2.91) 


n=— CO 


According to the normal-ordering prescription the lowering operators always 
appear to the right of the raising operators. In particular, Lo becomes 


1 OO 
Lo = 50% TA eUi (2.92) 


Actually, this is the only Virasoro operator for which normal-ordering mat- 
ters. Since an arbitrary constant could have appeared in this expression, 
one must expect a constant to be added to Lo in all formulas, in particular 
the Virasoro algebra. 
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Using the commutators for the modes ah, one can show that in the quan- 
tum theory the Virasoro generators satisfy the relation 


C 
[Lm Ln] = (M — n)Lm4n + ymm? — 1)m+n,0, (2.93) 


where c = D is the space-time dimension. The term proportional to c is a 
quantum effect. This means that it appears after quantization and is absent 
in the classical theory. This term is called a central extension, and c is called 
a central charge, since it can be regarded as multiplying the unit operator, 
which when adjoined to the algebra is in the center of the extended algebra. 


SL(2,R) subalgebra 


The Virasoro algebra contains an SL(2, R) subalgebra that is generated by 
Lo, Lı and L_,. This is a noncompact form of the familiar SU(2) algebra. 
Just as SU(2) and SO(3) have the same Lie algebra, so do SL(2, R) and 
SO(2,1). Thus, in the case of closed strings, the complete Virasoro algebra 
of both left-movers and right-movers contains the subalgebra SL(2, R) x 
SL(2,R) = SO(2,2). This is a noncompact version of the Lie algebra 
identity SU(2) x SU(2) = SO(4). The significance of this subalgebra will 
become clear in the next chapter. 


Physical states 


As was mentioned above, in the quantum theory a constant may need to be 
added to Lo to parametrize the arbitrariness in the ordering prescription. 
Therefore, when imposing the constraint that the zero mode of the energy- 
momentum tensor should vanish, the only requirement in the case of the 
open string is that there exists some constant a such that 


(Lo — a)|ġ) = 0. (2.94) 


Here |¢) is any physical on-shell state in the theory, and the constant a will 
be determined later. Similarly, for the closed string 


(Lo — a)|$) = (Lo — a)|¢) = 0. (2.95) 


Mass operator 


The constant a contributes to the mass operator. Indeed, in the quantum 
theory Eq. (2.94) corresponds to the mass-shell condition for the open string 


CO 
aM? =S°a-n:an—-a=N-~a, (2.96) 
n=1 
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where 
CO CO 
N= X an -Qn = Xonai, an, (2.97) 
n=1 n=1 


is called the number operator, since it has integer eigenvalues. For the ground 
state, which has N = 0, this gives a‘ M? = —a, while for the excited states 
aM? =1—a,2—a,... 

For the closed string 


1 CO eT w z 
oM’ =} on On — a=} ăn: Gin -a=N-a=N-a, (2.98) 
n=1 n=1 


Level matching 


The normal-ordering constant a cancels out of the difference 
(Lo — Lo)|9) = 0, (2.99) 


which implies N = N. This is the so-called level-matching condition of the 
bosonic string. It is the only constraint that relates the left- and right- 
moving modes. 


Virasoro generators and physical states 


In the quantum theory one cannot demand that the operator Lm annihilates 
all the physical states, for all m # 0, since this is incompatible with the 
Virasoro algebra. Rather, a physical state can only be annihilated by half 
of the Virasoro generators, specifically 


Lalo; =O m> 0. (2.100) 
Together with the mass-shell condition 
(Lo — a)|) = 0, (2.101) 


this characterizes a physical state |). This is sufficient to give vanishing 
matrix elements of Ln — adno, between physical states, for all n. Since 


be SEs (2.102) 


the hermitian conjugate of Eq. (2.100) ensures that the negative-mode Vi- 
rasoro operators annihilate physical states on their left 


($|Lm=0 m<0. (2.103) 
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There are no normal-ordering ambiguities in the Lorentz generators? 





CO 
1 
JH” = r”p” — goo bD E (at nan — a” nah), (2.104) 
n=l 
and therefore they can be interpreted as quantum operators without any 
quantum corrections. Using this expression, it is possible to check that 


[Lm, J] = 0, (2.105) 


which implies that the physical-state condition is invariant under Lorentz 
transformations. Therefore, physical states must appear in complete Lorentz 
multiplets. This follows from the fact that, the formalism being discussed 
here is manifestly Lorentz covariant. 


Absence of negative-norm states 


The goal of this section is to show that a spectrum free of negative-norm 
states is only possible for certain values of a and the space-time dimension D. 
In order to carry out the analysis in a covariant manner, a crucial ingredient 
is the Virasoro algebra in Eq. (2.93). 

In the quantum theory the values of a and D are not arbitrary. For 
some values negative-norm states appear and for other values the physical 
Hilbert space is positive definite. At the boundary where positive-norm 
states turn into negative-norm states, an increased number of zero-norm 
states appear. Therefore, in order to determine the allowed values for a and 
D, an effective strategy is to search for zero-norm states that satisfy the 
physical-state conditions. 


Spurious states 


A state |q) is called spurious if it satisfies the mass-shell condition and is 
orthogonal to all physical states 


(Lo—a)|v)=0 and (dlp) =0, (2.106) 


where |¢) represents any physical state in the theory. An example of a 
spurious state is 


l) = So Lenlxn) with = (Lo — a +n) |xn) = 0. (2.107) 
n=1 


5 JJ generates rotations and J’ generates boosts. 
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In fact, any such state can be recast in the form 


|b) = L-1|x1) + L-2|x2) (2.108) 


as a consequence of the Virasoro algebra (e.g. L-3 = [L_1, L_2]). Moreover, 
any spurious state can be put in this form. Spurious states |Y} defined this 
way are orthogonal to every physical state, since 


(Old) = X (G|L—nlxn) = X (xnlLnld)* = 0. (2.109) 
n=1 n=1 


If a state |W) is spurious and physical, then it is orthogonal to all physical 
states including itself 


OO 
(Wb) = X xnl£n|b) = 0. (2.110) 
n=l 
As a result, such a state has zero norm. 


Determination of a 


When the constant a is suitably chosen, a class of zero-norm spurious states 
has the form 


|) = L_1|x1) (2.111) 
with 
(Lo —a4+1)\x1)=0 and Lplyi)=0 m>0. (2.112) 
Demanding that |Y} is physical implies 
Em|v) = (Lo — a)y) = 0 for m = 1,2,... (2.113) 
The Virasoro algebra implies the identity 
Pic <0 ote (2.114) 
which leads to 
Lily) = Ly L-4|x1) = (2L0 + L-1L1)|x1) = 2(@—1)|x1) =0, (2.115) 


and hence a = 1. Thus a = 1 is part of the specification of the boundary 
between positive-norm and negative-norm physical states. 
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Determination of the space-time dimension 


The number of zero-norm spurious states increases dramatically if, in addi- 
tion to a = 1, the space-time dimension is chosen appropriately. To see this, 
let us construct zero-norm spurious states of the form 


lY) = (L-2 +7221) |X). (2.116) 


This has zero norm for a certain y, which is determined below. Here |w) is 
spurious if |X) is a state that satisfies 


(Lo +1)|X) =LmlX)=0 for m=1,2,... (2.117) 


Now impose the condition that |w) is a physical state, that is, D,|q) = 0 and 
L2|W) = 0, since the rest of the constraints Lm|Y) = 0 for m > 3 are then 
also satisfied as a consequence of the Virasoro algebra. Let us first evaluate 
the condition Lily) = 0 using the relation 


[L1, L-2 + yL? 4] = 3L-1 + 2yLoL_1 + 2yL_1 Lo 


= (3 = 2y)L—ı + 4yDoL_1. (2.118) 
This leads to 
Ly |b) = Li (L-2 + YL?) |X) = (3 — 27) L-1 + 4yLoL-1] |X). (2.119) 


The first term vanishes for y = 3/2 while the second one vanishes in general, 
because 


LoL-1|X) = L-1(Lo + 1)|x) = 0. (2.120) 


Therefore, the result of evaluating the L|) = 0 constraint is y = 3/2. Let 
us next consider the L2|w) = 0 condition. Using 


3 D 
[ta 2-2 + 52, | = 1319 + 9Lali + > (2.121) 
gives 
Be Vs DY. 2 
Lolth) = Lo | La + 527, ) |X) = (-13+ > ) 1X). (2.122) 


Thus the space-time dimension D = 26 gives additional zero-norm spurious 
states. 
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Critical bosonic theory 


The zero-norm spurious states are unphysical. The fact that they are spu- 
rious ensures that they decouple from all physical processes. In fact, all 
negative-norm states decouple, and all physical states have positive norm. 
Thus, the complete physical spectrum is free of negative-norm states when 
the two conditions a = 1 and D = 26 are satisfied, as is proved in the 
next section. The a = 1, D = 26 bosonic string theory is called critical, 
and one says that the critical dimension is 26. The spectrum is also free of 
negative-norm states for a < 1 and D < 25. In these cases the theory is 
called noncritical. Noncritical string theory is discussed briefly in the next 
chapter. 





EXERCISES 





EXERCISE 2.10 
Find the mode expansion for angular-momentum generators J” of an open 
bosonic string. 


SOLUTION 


Using the current in Eq. (2.68), 
JRE J Jẹ” do =T i (KOXY = XYX dle. 
0 0 


Now 


1 
X” (7,0) = ah + ofr + il, > —ak e" cos(mo), 
m 
m#0 


X*(1,0) = lp" + ls Soale? ™T cos(mo), 
m0 


and T = 1/(7l2). A short calculation gives 


JH ar i > = (atm ma a mahh): 
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2.5 Light-cone gauge quantization 


As discussed earlier, the bosonic string has residual diffeomorphism symme- 
tries, even after choosing the gauge hag = Nag, which consist of all the con- 
formal transformations. Therefore, there is still the possibility of making an 
additional gauge choice. By making a particular noncovariant gauge choice, 
it is possible to describe a Fock space that is manifestly free of negative-norm 
states and to solve explicitly all the Virasoro conditions instead of imposing 
them as constraints. 
Let us introduce light-cone coordinates for space-time® 





Be a Se 1 yD- 
X ag ae (2.123) 


Then the D space-time coordinates X" consist of the null coordinates X =+ 








and the D—2 transverse coordinates X*. In this notation, the inner product 
of two arbitrary vectors takes the form 


v: w= vwt =-vtw -vwt + `> viu’. (2.124) 
i 


Indices are raised and lowered by the rules 


U =U vt = =v, and v = vi. (2.125) 


Since two coordinates are treated differently from the others, Lorentz invari- 
ance is no longer manifest when light-cone coordinates are used. 
What simplification can be achieved by using the residual gauge symme- 





try? In terms of o~ the residual symmetry corresponds to the reparametriza- 
tions in Eq. (2.86) of each of the null world-sheet coordinates 

















a > é+ (oF). (2.126) 

These transformations correspond to 
F= SON +E), (2.127) 
a= ; [ET (ot) -E-(o)). (2.128) 


This means that 7 can be an arbitrary solution to the free massless wave 
equation 


oO? Oo Ny 


6 It is convenient to include the v2 factor in the definition of space-time light-cone coordinates 
while omitting it in the definition of world-sheet light-cone coordinates. 
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Once 7 is determined, o is specified up to a constant. 

In the gauge hag = Nag, the space-time coordinates X“(o,7) also satisfy 
the two-dimensional wave equation. The light-cone gauge uses the residual 
freedom described above to make the choice 


XG F) = xt EPpy Fs (2.130) 
This corresponds to setting 
at =0 for nO. (2.131) 


In the following the tildes are omitted from the parameters 7 and o. 

When this noncovariant gauge choice is made, there is a risk that a 
quantum-mechanical anomaly could lead to a breakdown of Lorentz in- 
variance. So this needs to be checked. In fact, conformal invariance is 
essential for making this gauge choice, so it should not be surprising that a 
Lorentz anomaly in the light-cone gauge approach corresponds to a confor- 
mal anomaly in a covariant gauge that preserves manifest Lorentz invariance. 

The light-cone gauge has eliminated the oscillator modes of X*. It is 
possible to determine the oscillator modes of X~, as well, by solving the 





Virasoro constraints (X +X’)? = 0. In the light-cone gauge these constraints 

become 

f 1 T : 

X` 4X7 = —_(X*+ x"). 2.132 
see ex") (2.132) 








This pair of equations can be used to solve for X~ in terms of X*. In terms 
of the mode expansion for X~, which for an open string is 


1 , 
X- =x +p rT + ils `> —a,e "7 cosno, (2.133) 
n 
n#0 


the solution is 


D-2 +00 
On = SE zh yo a nity i abno). (2.134) 


i=1 me 


Therefore, in the light-cone gauge it is possible to eliminate both X*+ and 
X- (except for their zero modes) and express the theory in terms of the 
transverse oscillators. Thus a critical string only has transverse excitations, 
just as a massless particle only has transverse polarization states. The con- 
venient feature of the light-cone gauge in Eq. (2.130) is that it turns the 
Virasoro constraints into linear equations for the modes of X7. 
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Mass-shell condition 


In the light-cone gauge the open-string mass-shell condition is 


D-2 
M? = —pyp" = 2p*p” — X` p; = 2(N - a)/l2, (2.135) 
i=1 
where 
—2 co 
Neo Yo ae, (2.136) 
i=] n=1 


Let us now construct the physical spectrum of the bosonic string in the 
light-cone gauge. 

In the light-cone gauge all the excitations are generated by acting with the 
transverse modes af. The first excited state, given by at ,|0;p), belongs to 
a (D —2)-component vector representation of the rotation group SO(D — 2) 
in the transverse space. As a general rule, Lorentz invariance implies that 
physical states form representations of SO(D — 1) for massive states and 
SO(D — 2) for massless states. Therefore, the bosonic string theory in the 
light-cone gauge can only be Lorentz invariant if the vector state a‘ ,|0;p) 
is massless. This immediately implies that a = 1. 

Having fixed the value of a, the next goal is to determine the space- 
time dimension D. A heuristic approach is to compute the normal-ordering 
constant appearing in the definition of Lo directly. This constant can be 
determined from 


1 D-2 +00 1 D—2 +00 l l 1 oo 
5 So D A nAn = 5 5. Xo a nAn : +50 — 2) Sn. (2.137) 
i=] n=—co i=1 n=—0co naa 


The second sum on the right-hand side is divergent and needs to be reg- 
ularized. This can be achieved using ¢-function regularization. First, one 
considers the general sum 


oe) 


(= 2% (2.138) 
n=l 


which is defined for any complex number s. For Re(s) > 1, this sum con- 
verges to the Riemann zeta function ¢(s). This zeta function has a unique 
analytic continuation to s = —1, where it takes the value ¢(—1) = —1/12. 
Therefore, after inserting the value of ¢(—1) in Eq. (2.137), the result for 
the additional term is 


1 = D-2 
ADD =- ea 2.139 
5 ( eee z4 ( ) 
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Using the earlier result that the normal-ordering constant a should be equal 
to 1, one gets the condition 
D-2 
24 
which implies D = 26. Though it is not very rigorous, this is the quickest 
way to determined the values of a and D. The earlier analysis of the no- 


=1, (2.140) 


negative-norm states theorem also singled out D = 26. Another approach 
is to verify that the Lorentz generators satisfy the Lorentz algebra, which is 
not manifest in the light-cone gauge. The nontrivial requirement is 


el aw (2.141) 


Once the a; oscillators are eliminated, J‘~ becomes cubic in transverse 
oscillators. The algebra is rather complicated, but the bottom line is that 
the commutator only vanishes for a = 1 and D = 26. Other derivations of 
the critical dimension are presented in the next chapter. 


Analysis of the spectrum 


Having determined the preferred values a = 1 and D = 26, one can now 
determine the spectrum of the bosonic string. 


The open string 


At the first few mass levels the physical states of the open string are as 
follows: 


e For N =0 there is a tachyon |0;k), whose mass is given by a’ M? = —1. 

e For N = 1 there is a vector boson a’ ,|0;k). As was explained in the 
previous section, Lorentz invariance requires that it is massless. This 
state gives a vector representation of SO(24). 

e N = 2 gives the first states with positive (mass). They are 


af 310; k) and af 4a |0; k), (2.142) 


with œ'M? = 1. These have 24 and 24 - 25/2 states, respectively. The 
total number of states is 324, which is the dimensionality of the symmetric 
traceless second-rank tensor representation of SO(25), since 25-26/2—1 = 
324. So, in this sense, the spectrum consists of a single massive spin-two 
state at this mass level. 


All of these states have a positive norm, since they are built entirely from 
the transverse modes, which describe a positive-definite Hilbert space. In 
the light-cone gauge the fact that the negative-norm states have decoupled 
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is made manifest. All of the massive representations can be rearranged in 
complete SO(25) multiplets, as was just demonstrated for the first massive 
level. Lorentz invariance of the spectrum is guaranteed, because the Lorentz 
algebra is realized on the Hilbert space of transverse oscillators. 


The number of states 


The total number of physical states of a given mass is easily computed. For 
example, in the case of open strings, it follows from Eqs (2.135) and (2.136) 
with a = 1 that the number of physical states d, whose mass is given by 
a’ M? = n — 1 is the coefficient of w” in the power-series expansion of 


co 24 


tru =I] [ru Enah = (2.143) 


n=1i=1 n=1 
This number can be written in the form 


1 trw 
The number of physical states d, can be estimated for large n by a saddle- 
point evaluation. Since the saddle point occurs close to w = 1, one can use 


the approximation 





= An? 
= [[a — w”)? ~ exp ( ) ; (2.145) 
L= 
n=1 
This is an approximation to the modular transformation formula 


n(-1/r) = (-ér)?n(7) (2.146) 


for the Dedekind eta function 


eitt/12 Ho e?n?) , (2.147) 


as one sees by setting w = e?°™'7, Then one finds that, for large n, 
dn ~ const.n~?"/4 exp(4r y/n). (2.148) 
The exponential factor can be rewritten in the form exp(M/Mo) with 
Mo = (4r va) t. (2.149) 


The quantity Mo is called the Hagedorn temperature. Depending on de- 
tails that go beyond present considerations, it is either a maximum possible 
temperature or else the temperature of a phase transition. 
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The closed string 


For the case of the closed string, there are two sets of modes (left-movers and 
right-movers), and the level-matching condition must be taken into account. 
The spectrum is easily deduced from that of the open string, since closed- 
string states are tensor products of left-movers and right-movers, each of 
which has the same structure as open-string states. The mass of states in 
the closed-string spectrum is given by 


a! M? = 4(N —1) =4(N — 1). (2.150) 


The physical states of the closed string at the first two mass levels are as 
follows: 


e The ground state |0; k} is again a tachyon, this time with 
al M? = —4. (2.151) 
e For the N = 1 level there is a set of 24? = 576 states of the form 
IQ) = at 1ã 410; k}, (2.152) 


corresponding to the tensor product of two massless vectors, one left- 
moving and one right-moving. The part of |”) that is symmetric and 
traceless in 7 and j transforms under SO(24) as a massless spin-two par- 
ticle, the graviton. The trace term dij |QY ) is a massless scalar, which is 
called the dilaton. The antisymmetric part |’) — |Q/*) transforms un- 
der SO(24) as an antisymmetric second-rank tensor. Each of these three 
massless states has a counterpart in superstring theories, where they play 
fundamental roles that are discussed in later chapters. 
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PROBLEM 2.1 
Consider the following classical trajectory of an open string 
X? = Br, 
Xt! =B cos(r) cos(o), 
X? = B sin(r) cos(o), 
Xt =0, i> 2, 


and assume the conformal gauge condition. 
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(i) Show that this configuration describes a solution to the equations of 
motion for the field X# corresponding to an open string with Neu- 
mann boundary conditions. Show that the ends of this string are 
moving with the speed of light. 

(ii) Compute the energy E = P? and angular momentum J of the string. 
Use your result to show that 

E? 1 


— = 2rT = —. 
Pa 


(iii) Show that the constraint equation Tag = 0 can be written as 
2 2 
(0,X)* + (0,X)° = 0, OX” OX, = 0, 


and that this constraint is satisfied by the above solution. 


PROBLEM 2.2 
Consider the following classical trajectory of an open string 


X? = 3Ar, 
X! = A cos(3r) cos(30), 
X? = A sin(aT) cos(bo), 


and assume the conformal gauge. 


(i) Determine the values of a and b so that the above equations describe 
an open string that solves the constraint Tg = 0. Express the solu- 
tion in the form 


X” = X (o) + XB(o7). 


Determine the boundary conditions satisfied by this field configura- 
tion. 

(ii) Plot the solution in the (X+, X?)-plane as a function of 7 in steps of 
m/12. 

(iii) Compute the center-of-mass momentum and angular momentum and 
show that they are conserved. What do you obtain for the relation 
between the energy and angular momentum of this string? Comment 
on your result. 


PROBLEM 2.3 

Compute the mode expansion of an open string with Neumann boundary 
conditions for the coordinates X°,..., X74, while the remaining coordinate 
X” satisfies the following boundary conditions: 
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(i) Dirichlet boundary conditions at both ends 
X”(0,r) =X and X”(r,r)= X”. 


What is the interpretation of such a solution? Compute the conjugate 
momentum P”°. Is this momentum conserved? 


(ii) Dirichlet boundary conditions on one end and Neumann boundary 
conditions at the other end 


X”(0,r) =X? and 3 X”(r,T)=0. 


What is the interpretation of this solution? 


PROBLEM 2.4 
Consider the bosonic string in light-cone gauge. 


(i) Find the mass squared of the following on-shell open-string states: 


Jr) =a 11058), bo) = aŻ 107410; k), 
Is) =a 3|0;k), ġa) = a4 a 1af IO; k). 


(ii) Find the mass squared of the following on-shell closed-string states: 


|1) = at G1 ,|0;k), |2) = ab yo? a 210; k). 
(iii) What can you say about the following closed-string state? 


l3) = at a? 30; k) 


PROBLEM 2.5 

Use the mode expansion of an open string with Neumann boundary condi- 
tions in Eq. (2.62) and the commutation relations for the modes in Eq. (2.54) 
to check explicitly the equal-time commutators 


[X"(o,7), X”(o',7)] = [P#(o,7), P”(o',T)] = 0, 
while 
[X"(0,7), P’(o', T)] = in” 5(a — 0’). 


1 P eg 608(no) cos(no’) might be 


Hint: The representation 6(¢ — 0’) = = 


useful. 
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PROBLEM 2.6 
Exercise 2.10 showed that the Lorentz generators of the open-string world 
sheet are given by 





co 
1 
JH” = aptly? — r” p" Dp = (af nan — a” pnah). 
n=1 
Use the canonical commutation relations to verify the Poincaré algebra 
lp”, p”] = 0, 
[p", JP?) = =U p7 + inp”, 


(JH, JOA] = in’? JPA abs de bike + inà Jue a in àJ”. 


PROBLEM 2.7 
Exercise 2.10 derived the angular-momentum generators J” for an open 
bosonic string. Derive them for a closed bosonic string. 


PROBLEM 2.8 

The open-string angular momentum generators in Exercise 2.10 are appro- 
priate for covariant quantization. What are the formulas in the case of 
light-cone gauge quantization. 


PROBLEM 2.9 
Show that the Lorentz generators commute with all Virasoro generators, 


[Lm, J"”] =0. 


Explain why this implies that the physical-state condition is invariant un- 
der Lorentz transformations, and states of the string spectrum appear in 
complete Lorentz multiplets. 


PROBLEM 2.10 
Consider an on-shell open-string state of the form 


|) = (Aa_ : a_1 + Bag a2 + C (a - a_1)”) |0; k), 


where A, B and C are constants. Determine the conditions on the coeffi- 
cients A, B and C so that |¢) satisfies the physical-state conditions for a = 1 
and arbitrary D. Compute the norm of |¢). What conclusions can you draw 
from the result? 
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PROBLEM 2.11 

The open-string states at the N = 2 level were shown in Section 2.5 to form 
a certain representation of SO(25). What does this result imply for the 
spectrum of the closed bosonic string at the Ny, = Np = 2 level? 


PROBLEM 2.12 

Construct the spectrum of open and closed strings in light-cone gauge for 
level N = 3. How many states are there in each case? Without actually 
doing it (unless you want to), describe a strategy for assembling these states 
into irreducible SO(25) multiplets. 


PROBLEM 2.13 
We expect the central extension of the Virasoro algebra to be of the form 


[Lm Ln] = (Mm — 2) Lm4n + A(M)bm-+4n,0; 
because normal-ordering ambiguities only arise for m +n = 0. 


(i) Show that if A(1) 4 0 it is possible to change the definition of Lo, by 
adding a constant, so that A(1) = 0. 

(ii) For A(1) = 0 show that the generators Lo and L+ form a closed 
subalgebra. 





PROBLEM 2.14 
Derive an equation for the coefficients A(m) defined in the previous problem 
that follows from the Jacobi identity 


[Lm Ln], Lp] + (Lp; Lm], En] + [lEn Lp], Lm] = 0. 


Assuming A(1) = 0, prove that A(m) = (m? — m)A(2)/6 is the unique 
solution, and hence that the central charge is c = 2A(2). 


PROBLEM 2.15 

Verify that the Virasoro generators in Eq. (2.91) satisfy the Virasoro algebra. 
It is difficult to verify the central-charge term directly from the commutator. 
Therefore, a good strategy is to verify that A(1) and A(2) have the correct 
values. These can be determined by computing the ground-state matrix 
element of Eq. (2.93) for the cases m = —n = 1 and m = -n = 2. 
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Conformal field theory and string 
interactions 


The previous chapter described the free bosonic string in Minkowski space- 
time. It was argued that consistency requires the dimension of space-time 
to be D = 26 (25 space and one time). Even then, there is a tachyon 
problem. When interactions are included, this theory might not have a stable 
vacuum. The justification for studying the bosonic string theory, despite 
its deficiencies, is that it is a good warm-up exercise before tackling more 
interesting theories that do have stable vacua. This chapter continues the 
study of the bosonic string theory, covering a lot of ground rather concisely. 
One important issue concerns the possibilities for introducing more gen- 
eral backgrounds than flat 26-dimensional Minkowski space-time. Another 
concerns the development of techniques for describing interactions and com- 
puting scattering amplitudes in perturbation theory. We also discuss a 
quantum field theory of strings. In this approach field operators create 
and destroy entire strings. All of these topics exploit the conformal symme- 
try of the world-sheet theory, using the techniques of conformal field theory 
(CFT). Therefore, this chapter begins with an overview of that subject. 


3.1 Conformal field theory 


Until now it has been assumed that the string world sheet has a Lorentzian 
signature metric, since this choice is appropriate for a physically evolving 
string. However, it is extremely convenient to make a Wick rotation T —> 
—iT, so as to obtain a world sheet with Euclidean signature, and thereby 
make the world-sheet metric hag positive definite. Having done this, one 
can introduce complex coordinates (in local patches) 


2(7-io) 


z=e and Z= e? tio) (3.1) 
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and regard the world sheet as a Riemann surface. The factors of two in 
the exponents reflect the earlier convention of choosing the periodicity of 
the closed-string parametrization to be o — o +m. Replacing o by —a 
in these formulas would interchange the identifications of left-movers and 
right-movers. Note that if the world sheet is the complex plane, Euclidean 
time corresponds to radial distance, with the origin representing the infinite 
past and the circle at infinity the infinite future. The residual symmetries 








in the conformal gauge, r +o — fi(7 +0), described in Chapter 2, now 





become conformal mappings z — f(z) and Z — f(z). For example, the 
complex plane (minus the origin) is equivalent to an infinitely long cylinder, 
as shown in Fig. 3.1. Thus, we are led to consider conformally invariant 
two-dimensional field theories. 











— tV 
CS se 
See et: 





Fig. 3.1. Conformal mapping of an infinitely long cylinder onto a plane. 


The conformal group in D dimensions 


The main topic of this section is the conformal symmetry of two-dimensional 
world-sheet theories. However, conformal symmetry in other dimensions also 
plays an important role in recent string theory research (discussed in Chap- 
ter 12). Therefore, before specializing to two dimensions, let us consider the 
conformal group in D dimensions. 

A D-dimensional manifold is called conformally flat if the invariant line 
element can be written in the form 


ds? = Oder - da. (3.2) 


The dot product represents contraction with the Lorentz metric nuv in the 
case of a Lorentzian-signature pseudo-Riemannian manifold or with the Kro- 
necker metric ô, in the case of a Euclidean-signature Riemannian manifold. 
The function w(x) in the conformal factor is allowed to be x-dependent. 


60 Conformal field theory and string interactions 


The conformal group is the subgroup of the group of general coordinate 
transformations (or diffeomorphisms) that preserves the conformal flatness 
of the metric. The important geometric property of conformal transforma- 
tions is that they preserve angles while distorting lengths. 

Part of the conformal group is obvious. Namely, it contains translations 
and rotations. By “rotations” we include Lorentz transformations (in the 
case of Lorentzian signature). Another conformal group transformation is 
a scale transformation x“ — Ax, where A is a constant. One can either 
regard this as changing w, or else it can be viewed as a symmetry, if one 
also transforms w appropriately at the same time. 

Another class of conformal group transformations, called special conformal 
transformations, is less obvious. However, there is a simple way of deriving 
them. This hinges on noting that the conformal group includes an inversion 
element 


H 
t > z (3.3) 
This maps 
dx - dx 


so that the metric remains conformally flat.! The trick then is to consider 
a sequence of transformations: inversion — translation — inversion. In other 
words, one conjugates a translation (x” — x + b”) by an inversion. This 
gives 





x! + btg? 
p : 3. 
” D? IFD- e+ Pe (33) 
Taking b” to be infinitesimal, we get 
Ôx” = bx? — 2x”b. x. (3.6) 


Summarizing the results given above, the following infinitesimal transfor- 
mations are conformal: 


Ör” = a! + wha” + Ar! +b"r? — 2r" (b. x). (3.7) 


The parameters a”, w”,„, A and b” are infinitesimal constants. After lowering 
an index with nuv or d,,, as appropriate, the parameters of infinitesimal 


1 Strictly speaking, in the case of Euclidean signature this requires regarding the point at infinity 
to be part of the manifold, a procedure known as conformal compactification. In the case of 
Lorentzian signature, a Wick rotation to Euclidean signature should be made first for the 
inversion to make sense. 
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rotations are required to satisfy w,, = —w,,. Altogether there are 
1 1 
D=+5P(D-1)+1+D= 35D +2)(D +1) (3.8) 


linearly independent infinitesimal conformal transformations, so this is the 
number of generators of the conformal group. 

The number of conformal-group generators in D dimensions is the same 
as for the group of rotations in D + 2 dimensions. In fact, by commuting 
the infinitesimal conformal transformations one can derive the Lie algebra, 
and it turns out to be a noncompact form of SO(D + 2). In the case of 
Lorentzian signature, the Lie algebra is SO(D,2), while if the manifold is 
Euclidean it is SO(D + 1,1). 

When D > 2 the algebras discussed above generate the entire conformal 
group, except that an inversion is not infinitesimally generated. Because of 
the inversion element, the groups have two disconnected components. When 
D = 2, the SO(2,2) or SO(3,1) algebra is a subalgebra of a much larger 
algebra. 


The conformal group in two dimensions 
As has already been remarked, conformal transformations in two dimensions 
consist of analytic coordinate transformations 


z— f(z) and z— f(z). (3.9) 


These are angle-preserving transformations wherever f and its inverse func- 
tion are holomorphic, that is, f is biholomorphic. 

To exhibit the generators, consider infinitesimal conformal transforma- 
tions of the form 


ti “and: ag See oF, nez. (3.10) 


2 


z= 2 =Z2-— En?” 
The corresponding infinitesimal generators are 
la = — 2" t0 and lui ==, (3.11) 


where 0 = 0/0z and 0 = ð/ðz. These generators satisfy the classical 
Virasoro algebras 


Em, bn] = (M — lan and [eras ln] =(m—n)bmtn, (3.12) 
while [Lm ln] = 0. In the quantum case the Virasoro algebra can acquire 
2 For n < —1 these are defined on the punctured plane, which has the origin removed. Similarly, 


for n > 1, the point at infinity is removed. Note that @_1, Zo and £1 are special in that they 
are defined globally on the Riemann sphere. 
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a central extension, or conformal anomaly, with central charge c, in which 
case it takes the form 
c 


[Lm, Ln] = (m — n)Lm+n + gamm? — 1)dmino- (3.13) 


In a two-dimensional conformal field theory the Virasoro operators are the 
modes of the energy-momentum tensor, which therefore is the operator that 
generates conformal transformations. The term “central extension” means 
that the constant term can be understood to multiply the unit operator, 
which is adjoined to the Lie algebra. The expression “conformal anomaly” 
refers to the fact that in certain settings the central charge can be interpreted 
as signalling a quantum mechanical breaking of the classical conformal sym- 
metry. 

The conformal group is infinite-dimensional in two dimensions. However, 
as was pointed out in Chapter 2, it contains a finite-dimensional subgroup 
generated by lo,+1 and lo41- This remains true in the quantum case. In- 
finitesimally, the transformations are 








li: 272-6, 
lo: 272-682, (3.14) 
h:i gee" 


The interpretation of the corresponding transformations is that @_, and 
é_, generate translations, (lo + lo) generates scalings, i(¢9 — Zo) generates 
rotations and ¢; and 44 generate special conformal transformations. 

The finite form of the group transformations is 


az +b 
cz+d 


This is the group SL(2, C)/Z2 = SO(3,1).° The division by Zg accounts for 
the freedom to replace the parameters a,b,c,d by their negatives, leaving 
the transformations unchanged. This is the two-dimensional case of SO(D+ 
1,1), which is the conformal group for D > 2 Euclidean dimensions. In the 
Lorentzian case it is replaced by SO(2,2) = SL(2,R) x SL(2, R), where 
one factor pertains to left-movers and the other to right-movers. This finite- 
dimensional subgroup of the two-dimensional conformal group is called the 
restricted conformal group. 

The previous chapter described the construction of the world-sheet energy— 
momentum tensor Tyg. It was shown to satisfy T}— = T_, = 0 as a con- 


Zo 





with a,b,c,d E€ ©, ad—bc=1. (3.15) 


sequence of Weyl symmetry. Since the world-sheet theory has translation 


3 By SO(3,1) we really mean the connected component of the group. There is a similar qualifi- 
cation, as well as implicit division by Z2 factors, in the Lorentzian case that follows. 
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symmetry, this tensor is also conserved 


O°Tag = 0. (3.16) 





After Wick rotation the light-cone indices + are replaced by (z,Z). So the 
nonvanishing components are T,, and Tzz, and the conservation conditions 
are 


OT: =0 and OTs; =0. (3.17) 
Thus one is holomorphic and the other is antiholomorphic 
Taz =T(z) and Ta =T(2). (3.18) 
The Virasoro generators are the modes of the energy-momentum tensor. 


In the current notation, for ls = v 2a’ = 1, the right-moving part of the 
coordinate X“ given in Chapter 2 becomes 


1 í a 1 _ 
XB (0,7) > XR(z) = au" — ni lnz + 5 `> ane n (3.19) 
n#0 
and similarly 
X#(o,7) > X#(z) = =x" — - ‘pine +5 >- =alz (3.20) 
aoa 


The holomorphic derivatives take the simple form 


OX" (z,Z) = -= 5 aby tl (3:21) 
n=— 00 
and 
AX"(z,z) = -4 P alg at (3.22) 
n=— 00 


Out of this one can compute the holomorphic component of the energy- 
momentum tensor 








+00 
Ln, 
Tx(z)=—2:0X-OX:= E ch. (3.23) 
Similarly, 
i ooh TT 
Tx(Z)=-2:0X-0X:= A ace (3.24) 


The subscript X has been introduced here to emphasize that these energy— 
momentum tensors are constructed out of the X” coordinates. 
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Since the two-dimensional conformal algebra is infinite-dimensional, there 
is an infinite number of conserved charges, which are essentially the Virasoro 
generators. For the infinitesimal conformal transformation 


ôz = e(z) and ôzZ = (Z), (3.25) 
the associated conserved charge that generates this transformation is 
Q =Q: +Q = af [T(2)e(z)dz + T(z)é(z)dz| . (3.26) 
The integral is performed over a circle of fixed radius. The variation of a 
field ®(z, Z) under a conformal transformation is then given by 


be B(z, Z) = [Qe, B(z, Z)| and d20(2, Z) = [Qz O(2,.2)|. (8.27) 


Conformal fields and operator product expansions 


The fields of a conformal field theory are characterized by their conformal 
dimensions, which specify how they transform under scale transformations. 
® is called a conformal field (also sometimes called a primary field) of con- 
formal dimension (h, h) if 


eas (2) ey Swn) (3.28) 


under finite conformal transformations z > w(z). In other words, the (h, h) 
differential 





B(z, Z)(dz)"(dz)" (3.29) 


is invariant under conformal transformations. 
Equations (3.26) and (3.27) give 


Gar = f POE Ani (3.30) 


This expression is somewhat formal, since we still have to specify the inte- 
gration contour. The operator products T(z)®(w, w) and ®(w, w)T(z) only 
have convergent series expansions for radially ordered operators. This means 
that the integral $ dz e(z)T(z)®(w, w) should be evaluated along a contour 
with |z| > |w|. This is the first contour displayed in Fig. 3.2. Similarly, 
$ dze(z)®(w, w)T(z) should be evaluated along a contour with |z| < |w|.4 


4 The point is that matrix elements of these products have convergent mode expansions when 
these inequalities are satisfied. The results can then be analytically continued to other regions. 
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This is the second contour in Fig. 3.2. The difference of these two expres- 
sions, which gives the commutator, corresponds to a z contour that encircles 





the point w. 
Z Z 
= = . Contour C 
Izl>lwl IzZl<lwi 


Fig. 3.2. Integration contour for the z integral in Eq. (3.30). Since the integrand is 
radially ordered, the z integral is performed on a small path encircling w. 


Evaluation of this contour integral only requires knowing the singular 
terms in the operator product expansion (OPE) for z > w. If the singu- 
larities are poles, all is well. The general idea is that a product of local 
operators in a quantum field theory defined at nearby locations (compared 
to any other operators) can be expanded in a series of local operators at 
one of their positions (or any other nearby position). In doing this, it is 
customary to write the terms that are most singular first, the next most 
singular second, and so forth. For our purposes, the terms that diverge as 
z — w are all that are required, and the rest of the terms are represented 
by dots. Sometimes the term that is finite in the limit is also of interest. 

Equation (3.28) describes the transformation behavior of ®(w,w) under 
conformal transformations. Infinitesimally, it becomes 


d-®(w, w) = h Oe(w)®(w, w) + e(w)O®(w, w), (3.31) 


6=®(w, T) = hOE(w)®(w, ©) + (W)IG(w, ©). (3.32) 





Requiring that the charge Q induce these transformations determines the 
short-distance singularities in the OPE of T and T with ® 


THEOL Cn oe CT ee ——08(w, 0) beng (3.33) 


T(Z)®(w, w) = ———, ®(u, w) + z glt) +... (3.34) 
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The dots represent nonsingular terms. These short-distance expansions de- 
termine the quantum energy—momentum tensor. 

A free scalar field, such as X” (z), is a conformal field with h = 0. However, 
its OPE with itself is not meromorphic 


D2 (w) = -iy ln(z = w) +... (3.35) 


The field 0X(z), which is a conformal field of dimension (1,0), has mero- 
morphic OPEs with itself as well as with X” (w). 

Recall that 0X is the conformal field that enters in the energy-momentum 
tensor, where it gives a contribution —2 : 0X -OX :. The dots were defined 
in Chapter 2 to mean normal-ordering of the oscillators. An equivalent, but 
more elegant, viewpoint is that the dots represent removing the singular 
part as follows: 


: OX” (z)OX"(z) := lim (a.x"(2)0.x"w) + eo . (3.36) 


These dots are sometimes omitted when the meaning is clear. Each such 
scalar field gives a contribution of 1 to the conformal anomaly c. So in D 
dimensions the X” coordinates give c= ¢= D. 

The OPE of the energy-momentum tensor with itself is 
c/2 2 
ad 





T(z)T(w) = <T(w) + aT w) be. (3.37) 


(z—w) (z—w) 


Note that the energy-momentum tensor is not a conformal field unless c = 0. 
In that case T(z) has dimension (2,0) and T(z) has dimension (0,2). Using 
the OPE in Eq. (3.37), it is possible to derive how the energy-momentum 
tensor transforms under a finite conformal transformation z — w(z). The 
result is 


(Aw)?T"(w) = T(z) — Zsu, 2), (3.38) 


where 
2(Ow) (Fw) — 3(0?w)? 
2(Ow)? 


is called the Schwarzian derivative. T'(w) denotes the transformed energy- 





S(w,z) = (3.39) 


momentum tensor. 
Another important example of a conformal field is a free fermi field w(z), 
which has h = (1/2,0) and the OPE 





v(z)¥(w) = (3.40) 
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Such fields play an important role in the next chapter. A free fermi field has 


1 


T(z) = z yp(z)ðy(z): (3.41) 


which leads to c = 1/2. 

The fact that a pair of fermi fields gives c = 1 is significant. When a free 
scalar field takes values on a circle of suitable radius, there is an equivalent 
theory in which the scalar field is replaced by a pair of fermi fields. The 
replacement of a boson by a pair of fermions is called fermionization, and 
its (more common) inverse is called bosonization. It is not our purpose to 
explore this in detail here, just to point out that the central charges match 
up. In fact, in the simplest case the formulas take the formë 


p+ =: exp(+id): . (3.42) 


Here ¢ is a boson normalized in the usual way, so that the normal-ordered 








operator has dimension 1/2. Clearly, for this expression to be single-valued, 
ġ should have period 27. 

Given a holomorphic primary field ®(z) of dimension h, one can associate 
a state |®) that satisfies 


Lo|) = h|) and  Lnļ®)=0, n>0. (3.43) 


Such a state is called a highest-weight state. This state-operator correspon- 
dence is another very useful concept in conformal field theory. The relevant 
definition is 


|®) = lim 8(2)0), (3.44) 


where |0} denotes the conformal vacuum. Recall that z = 0 corresponds to 
the infinite past in Euclidean time. Writing a mode expansion 


oo Pn 
the way this works is that 
®,|0) =0 for n>-—h and ®_,|0) = |®). (3.46) 


A highest-weight state |®), taken together with the infinite collection of 
states of the form 


Laboa baml (3.47) 


5 Strictly speaking, the right-hand side of this equation should contain another factor called a 
cocycle. However, this can often be ignored. 
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which are known as the descendant states, gives a representation of the 
(holomorphic) Virasoro algebra known as a Verma module. 

Highest-weight states appeared in Chapter 2, where we learned that the 
physical open-string states of the bosonic string theory satisfy 


(Lo — 1)|¢) =0 (3.48) 


and 
Lanjo) =0 with n> 0. (3.49) 


Therefore, physical open-string states of the bosonic string theory corre- 
spond to highest-weight states with h = 1. This construction has a straight- 
forward generalization to primary fields ®(z,Z) of dimension (h, A). In this 
case one has 


(Lo — h)|®) = (Lo — h)|®) = 0 (3.50) 
and 
Ln|®) =Lp|®)=0 with n>0. (3.51) 


Therefore, physical closed-string states of the bosonic string theory corre- 


spond to highest-weight states with h = h = 1. 


Kac—Moody algebras 


Particularly interesting examples of conformal fields are the two-dimensional 
currents JA(z,z), A=1,2,...,dimG, associated with a compact Lie group 
symmetry G in a conformal field theory. Current conservation implies that 
there is a holomorphic component J4(z) and an antiholomorphic component 
J4(z), just as was shown for T earlier. Let us consider the holomorphic 
current J4(z) only. The zero modes J# are the generators of the Lie algebra 
of G with 


aide | =f ode - (3.52) 


The algebra of the currents J4(z) is an infinite-dimensional extension of this, 

known as an affine Lie algebra or a Kac-—Moody algebra G. These currents 

have conformal dimension h = 1, and therefore the mode expansion is 
JA(z)= So =a, A=1,2,...,dimG. (3.53) 


gntl 
n=—0o 


The Kac—Moody algebra is given by the OPE 
kb48 x iffPoJO (w) 
2(z — w)? z— w 





J4(z)JP (w) ~ 








BET (3.54) 
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or the equivalent commutation relations 
1 . 
[J4, JB] = sho? mno Hif PoS in (3.55) 


The parameter k in the Kac-Moody algebra, called the level, is analogous 
to the parameter c in the Virasoro algebra. For a U(1) Kac-Moody alge- 
bra, U(1), it can be absorbed in the normalization of the current. However, 
for a nonabelian group G, it has an absolute meaning once the normaliza- 
tion of the structure constants is specified. The energy-momentum tensor 
associated with an arbitrary Kac-Moody algebra is 


dim G 


pa ee bales (3.56) 


T(z) 
=k ALA 





where the dual Coxeter number hq takes the value n+1 for An = SU(n+1), 
2n — 1 for Bn = SO(2n + 1) — except that it is 2 for SO(3), n + 1 for 
Cn = Sp(2n), 2n — 2 for Dn = SO(2n), 4 for G2, 9 for F4, 12 for Eg, 18 for 
Ez, and 30 for Eg. In the case of simply-laced Lie groups® the dual Coxeter 
number hg is equal to c4, the quadratic Casimir number of the adjoint 
representation, which is defined (with our normalization conventions) by 
fone ese (3.57) 
The central charge associated with this energy-momentum tensor is 
k dim G 
<i (3.58) 
k+he 
For example, in the case of SU(2)x, hg = 2 and c = 3k/(k + 2). 
Kac—Moody algebra representations of conformal symmetry are unitary if 
G is compact and the level k is a positive integer. These symmetry structures 


can be realized in Wess—Zumino-— Witten models, which are o models having 
the group manifold as target space. 


Coset-space theories 
Suppose that the Kac-Moody algebra Gy has a subalgebra R. The level 
l is determined by the embedding of H in G. For example, if the simple 
roots of H are a subset of the simple roots of G, then l= k. If the Kac- 
Moody algebra is a direct product of the form Gr x Gk; and H, is the 
diagonal subgroup, then l = kı + k2. Let us denote the corresponding 


6 By definition, these are the Lie groups all of whose nonzero roots have the same length. They 
are the groups that are labeled by A, D, E in the Cartan classification. 
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energy-momentum tensors by Tg(z) and T(z). Now consider the difference 
of the two energy-momentum tensors 


T(z) =Te(z) — THz). (3.59) 


The modes of T(z) are Lm = LS — LE. The nontrivial claim is that this 
difference defines an energy-momentum tensor, and therefore it gives a rep- 
resentation of the conformal group. If this is true, it is obviously unitary, 
since it is realized on a subspace of the positive-definite representation space 
of Ci 

The key to proving that T(z) satisfies the Virasoro algebra is to show that 
it commutes with the currents that generate H,. These currents J a(z) a= 
1,2,...,dim H, are a subset of the currents of CG; and therefore have con- 
formal dimension h = 1 with respect to Tg. In other words, 


Je(w)  dJ*(w) 








T ke ~ l Hana 3.60 
GE o a t (3.60) 

However, since they are also currents of Fi, 

J“(w) OJ" (w) 
T J ~ H Eosi 3.61 
nE) ~ a t (3.61) 
Taking the difference of these equations, 

T(z)J*(w) ~ O(1), (3.62) 


or, in terms of modes, |Lm, J£] = 0. Since Ty(z) is constructed entirely out 
of the dim H currents J“(z), it follows that 


T(z)Ty(w) ~ O(1), (3.63) 
or, in terms of modes, 
[Lm Dn] = [Lm — Lin, Li] = 0. (3.64) 


Using this, together with the identity 


[Lm Ln] = (LS, LG] — [EE oY) — LẸ, La] — [Lm, LF], (3.65) 
one finds that 
allel Sti Wi piat lm — m)bm4n.0; (3.66) 


where the central charge of T(z) is 


C=cG—CH. (3.67) 
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An immediate generalization of the construction above is for G to be 
semisimple, that is, of the form 


n 


(Cie X (G2)ka X <. X (Gn)kn: (3.68) 
As a specific example, consider the coset model given by 
SU(2)x x SU(2) 
SU (2) kt 


where the diagonal embedding is understood. This defines a chiral algebra 
with central charge 





(3.69) 


_ 3k Bt BHD) 
C= E2 142 Bago 





(3.70) 


Minimal models 


An interesting problem is the classification of all unitary representations of 
the conformal group. Since the group is infinite-dimensional this is rather 
nontrivial, and the complete answer is not known. A necessary requirement 
for a unitary representation is that c > 0. There is an infinite family of 
representations with c < 1, called minimal models, which have a central 
charge 
6(p' — p)? 
ppo 
where p and p’ are coprime positive integers (with p’ > p) that characterize 
the minimal model. The minimal models are only unitary if p' = p + 1 = 
m + 3, so that 


c=1— (3.71) 


6 
c=1 m=1,2,... 3.72 
(m + 2)(m +3) (o2) 
The explicit construction of unitary representations with these central charges 
(due to Goddard, Kent and Olive) uses the coset-space method of the pre- 


ceding section. 





Consider the coset model 
SU (2); D SU(2)m 
SU (2)m+1 


corresponding to Eq. (3.69) with l = 1. The central charge of the associated 
energy-momentum tensor T(z) is 
3m 3(m +1) 6 


=14 an 3.74 
i m+2 m+3 (m+ 2)(m +3) (SA) 





(3.73) 
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which is the desired result. The first nontrivial case is m = 1, which has 
c = 1/2. It has been proved that these are all of the unitary representations 
of the Virasoro algebra with c < 1. 

To understand the structure of these unitary minimal models, one should 
also determine all of their highest-weight states. Equivalently, one can iden- 
tify the primary fields that give rise to the highest-weight states by acting 
on the conformal vacuum |0). Since |0), itself, is a highest-weight state, the 
identity operator J is a primary field (with h = 0). Using the known SU (2), 
representations, one can work out all of the primary fields of these minimal 
models. The result is a collection of conformal fields @pq with conformal 
dimensions hp, given by 


[(m +3)p — (m + 2)q]? — 1 
4(m + 2)(m +3) 








l<p<m-+1 and l<q<p. 


(3.75) 
Because of the symmetry (p,q) > (m+ 2 — p,m + 3 — q), an equivalent 
labeling is to allow 1 <p<m+1, 1 < q < m +2 and to restrict p — q to 
even values. For example, the m = 1 theory, with c = 1/2, describes the 
two-dimensional Ising model at the critical point. It has primary fields with 


lng = 


dimensions hıı = 0 (the identity operator), h21 = 1/2 (a free fermion), and 
h22 = 1/16 (a spin field). 

Note that the minimal models have c < 1 and accumulate at c = 1. 
This limiting value c = 1 can be realized by a free boson X. There are 
actually a continuously infinite number of possibilities for c = 1 unitary 
representations, since the coordinate X can describe a circle of any radius.’ 
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EXERCISE 3.1 
Use the oscillator expansion in Eq. (3.21) to derive the OPE: 


| = 
3 

= 

= 


OX" (z)OX"(w) = E ey +... 


SOLUTION 


Since the singular part of the OPE of the two fields 0X"(z) and 3X” (w) 


7 Chapter 6 shows that radius R and radius a’/R are equivalent. 
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is proportional to the identity operator, it can be determined by computing 
the correlation function 


+00 +00 


(OX"(2)OX"(w)) = —5 SO S Oeral ane 


m=— oo N=— CO 


Since the positive modes and the zero mode annihilate the vacuum on the 
right and the negative modes and the zero mode annihilate the vacuum on 
the left, this yields 


+00 +00 


1: P 
“| `> (Olat a p0) twt = a 5 Monae Ut 
mn=1 mn=1 
Lo on’ 
“AGH wy? 














Note that convergence requires |w| < |z|. 


EXERCISE 3.2 
Derive the Virasoro algebra from Eq. (3.37), that is, from the OPE of the 
energy—momentum tensor with itself. 


SOLUTION 


The modes of the energy-momentum tensor are defined by 


A 7 +00 Ln L= dz n+p 
(z2) = `> zn+2 or n= D7 (2), 





2ri 
n=— 00O 


where one uses Cauchy’s theorem to invert the definition of the modes. The 
modes then satisfy 


[Lm, Ln] = $ srt), f 0" Tw] 


271 271 


One has to be a bit careful when defining the commutator of the above 
contour integrals. Let us do the z integral first while holding w fixed. When 
doing the z integral we assume that the integrand is radially ordered. As 
a result, the commutator is computed by considering the z integral along a 
small path encircling w (contour C in Fig. 3.2). Using Eq. (3.37), this gives 


paei - em a) Oa) Ss 


2ri 2ri z— w) 
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-f2 Fe (m? m)wrtn-1 + 2(m + Ljw HT (w) + w” t®t28T(w) : 
Tt 


Performing the integral over w on a path encircling the origin, yields the 
Virasoro algebra 


c 
ns Ln] = (ma n) Lnn tam 


12 = M)bm+n,0- 


(m 














EXERCISE 3.3 

Verify that the expressions (3.38) and (3.39) for the transformation of the 
energy-momentum tensor under conformal transformations are consistent 
with Eq. (3.37) for an infinitesimal transformation w(z) = z + e(z). 


SOLUTION 
Under the infinitesimal transformation f(z) = z+e(z), Eqs (3.38) and (3.39) 
reduce to T(z) — T(z) + 6-T(z) with 

5-T(z) = —20e(z)T(z) — e(z)OT(z) — 5 0'el2). 
On the other hand, using Eq. (3.30), the change of T(w) under an infinites- 
imal conformal transformation is given by 


dz dz 
T = g — T(z),T =~ — T(z)T 
Tw) = f Hele) Tw] = $ OTOT), 
where the integration contour C is the one displayed in Fig. 3.2. Using 
Eq. (3.37), this becomes 


$ dz | c/2 2T(w) pe) 


mi (z—w)4  (z=w) z—w 





= 20e(w)T(w) + e(w)ðT (w) + Siew). 


But ô-T (w) = —6-T(z), since z ~ w — e(w). This shows that both methods 
yield the same result for 0-T(z) to first order in €. 














EXERCISE 3.4 
Show that Eqs (3.38) and (3.39) satisfy the group property by considering 
two successive conformal transformations. 
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SOLUTION 


After two successive conformal transformations w(u(z)), one finds 

(3wPT (w) = T(z) — 5 S(u,2) — 5 (0u)?S(w, u), 
where 0 = 0/0z. In order to prove the group property, we need to verify 
that 


S(w, z) = S(u, z) + (3u)? S(w, u). 
This can be shown by substituting 


dw p dw w 





du 


dz dz u! 
and the corresponding expressions for the higher-order derivatives 
dw = wu! — wu! 


du? (u’)3 





Bw w (u)? — 3w" ulu! — wuu + 3w (ul)? 





du? (u')5 


into S(w, wu). m 





3.2 BRST quantization 


An interesting type of conformal field theory appears in the BRST analysis 
of the path integral. 

In the Faddeev-Popov analysis of the path integral the choice of con- 
formal gauge results in a Jacobian factor that can be represented by the 
introduction of a pair of fermionic ghost fields, called b and c, with con- 
formal dimensions 2 and —1, respectively. For these choices the b ghost 
transforms the same way as the energy-momentum tensor, and the c ghost 
transforms the same way as the gauge parameter. 

These ghosts are a special case of the following set-up. A pair of holo- 
morphic ghost fields b(z) and c(z), with conformal dimensions À and 1 — 4, 
respectively, have an OPE 


Goaan gad ean a 


z — W z& — W 








while c(z)c(w) and 6(z)b(w) are nonsingular. The choice € = +1 is made 


8 For details about the Faddeev—Popov gauge-fixing procedure we refer the reader to volume 1 
of GSW or Polchinski. 
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when b and c satisfy fermi statistics, and the choice € = —1 is made when 
they satisfy bose statistics. The conformal dimensions À and 1— A correspond 
to a contribution to the energy-momentum tensor of the form 


Toe(z) = —A : b(z)Oc(z) + e(A — 1) : c(z)OB(z) : . (3.77) 


This in turn implies a conformal anomaly 





eA) = —2e(6A? — 6A + 1). (3.78) 


For the bosonic string theory, there is a single pair of ghosts (associ- 
ated with reparametrization invariance) satisfying € = 1 and A = 2. Thus 
c8} — —26 in this case, and the conformal anomaly from all other sources 
must total +26 in order to cancel the conformal anomaly. For example, 26 
space-time coordinates X#, the choice made in the previous chapter, is a 
possibility. 

One may saturate the central-charge condition in other ways. In critical 
string theories one chooses D < 26 space-time dimensions, and then adjoins 
a unitary CFT with c = 26 — D to make up the rest of the required central 
charge. This CFT need not have a geometric interpretation. Nevertheless, it 
gives a consistent string theory (ignoring the usual problem of the tachyon). 
An alternative way of phrasing this is to say that such a construction gives 
another consistent quantum vacuum of the (unique) bosonic string theory. 
Without knowing the final definitive formulation of string theory, which is 
still lacking, it is not always clear when one has a new theory as opposed to 
a new vacuum of an old theory. 

Chapter 4 considers theories with M = 1 superconformal symmetry. For 
such theories the choice of superconformal gauge gives an additional pair 
of bosonic ghost fields with € = —1 and à = 3/2. Since c(—1,3/2) = 11, 
the total ghost contribution to the conformal anomaly in this case is c8” = 
—26 +11 = —15. This must again be balanced by other contributions. For 
example, ten-dimensional space-time with a fermionic partner y~ for each 
space-time coordinate X” gives c= 10 - (1 + 1/2) = 15. 

Let us now specialize to the bosonic string in 26 dimensions including the 
fermionic ghosts. The quantum world-sheet action of the gauge-fixed theory 
is 


1 z 2 7 
S= f ( OXYIX,, + bc + bac) dz, (3.79) 


and the associated energy-momentum tensor is 


T(z) = Tx (z) + Toc(2), (3.80) 
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where Tx is given in Eq. (3.23) and 
The(z) = —2 : b(z)Oc(z) : + : e(z)ðb(z) : . (3.81) 


The quantum action has no conformal anomaly, because the OPE of T with 
itself has no central-charge term. The contribution of the ghosts cancels the 
contribution of the X coordinates. 

The quantum action in Eq. (3.79) has a BRST symmetry, which is a global 
fermionic symmetry, given by 


OX” = ncOX", 
dc  =ncdc, (3.82) 
ôb = nT. 


Most authors do not display the constant infinitesimal Grassmann param- 
eter 7. One reason for doing so is to keep track of minus signs that arise 
when anticommuting fermionic expressions past one another. There is also 
a complex-conjugate set of transformations that is not displayed. 

The BRST charge that generates the transformations (3.82) is 


1 
QB = ae f (cTx+ : bcôc :) dz. (3.83) 


The integrand is only determined up to a total derivative, so a term pro- 
portional to °c, which appears in the BRST current, can be omitted. In 
particular, this operator solves the equation 


{Qp, b(2)} = T(z), (3.84) 


which is the quantum version of 6b = 7T(z). There is also a conjugate 
BRST charge Qp given by complex conjugation. In terms of modes, the 
BRST charge has the expansion 


CO CO 

Qn = Yen — dm0)Cm — 5 tm — Nn) EL Os (3.85) 
Note the appearance of the combination Lo — 1, the same combination that 
gives the mass-shell condition, in the coefficient of co. 

Another useful quantity is ghost number. One assigns ghost number +1 to 
c, ghost number —1 to b and ghost number 0 to X“. This is an additive global 
symmetry of the quantum action, so there is a corresponding conserved 
ghost-number current and ghost-number charge. Thus, if one starts with 
a Fock-space state of a certain ghost number and acts on it with various 
oscillators, the ghost number of the resulting state is the initial ghost number 
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plus the number of c-oscillator excitations minus the number of b-oscillator 
excitations. 

The BRST charge has an absolutely crucial property. It is nilpotent, which 
means that 


Qe = 0. (3.86) 


Some evidence in support of this result is the vanishing of iterated field 
variations (3.82). However, this test, while necessary, is not sufficiently 
refined to pick up terms that are beyond leading order in the a’ expansion. 
Thus, it cannot distinguish between Lo and Lo — 1 or establish the necessity 
of 26 dimensions. This can be verified directly using the oscillator expansion, 
though the calculation is very tedious. A somewhat quicker method is to 
anticommute two of the integral representations using the various OPEs and 
using Cauchy’s theorem to evaluate the contributions of the poles, though 
even this is a certain amount of work. 

A complete proof of nilpotency that avoids difficult algebra goes as follows. 
Consider the identity 


{[QB, Lm], bn} = {[Lm, bn], QB} + Hon, QB}, Lm]. (3.87) 


Using [Lm, bn] = (m—n)bm+n, {bn, QB} = Ln—ôn,0 and the Virasoro algebra, 
one finds that the right-hand side vanishes for central charge c = 0. Thus 
(QB, Lm] cannot contain any c-ghost modes. However, it has ghost number 
(the number of c modes minus the number of b modes) equal to 1, so this 
implies that it must vanish. Thus c = 0 implies that Qg is conformally 
invariant. Next, consider the identity 


IQR, bn] = (Qs, {QB, bn} = [QB, Ln]. (3.88) 


If Qg is conformally invariant, the right-hand side vanishes. This implies 
that Q2 has no c-ghost modes. Since it has ghost number equal to 2, this 
implies that it must vanish. Putting these facts together leads to the con- 
clusion that Qp is nilpotent if and only if c = 0. 

Recall that the oscillators that arise in the mode expansions of the X” 
coordinates give a Fock space that includes many unphysical states including 
ones of negative norm, and it is necessary to impose the Virasoro constraints 
to define the subspace of physical states. Given this fact, the reader may 
wonder why it represents progress to add even more oscillators, the modes 
of the b and c ghost fields. This puzzle has a very beautiful answer. 

The key is to focus on the nilpotency equation Q2 = 0. It has the same 
mathematical structure as the equation satisfied by the exterior derivative 
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in differential geometry d? = 0.9 In that case one considers various types 
of differential forms w. Ones that satisfy dw = 0 are called closed, and 
ones that can be written in the form w = dp are called exact. Nilpotency 
of d implies that every exact form is closed. If there are closed forms that 
are not exact, this encodes topological information about the manifold M 
on which the differential forms are defined. One defines equivalence classes 
of closed forms by declaring two closed forms to be equivalent if and only 
if their difference is exact. These equivalence classes then define elements 
of the cohomology of M. More specifically, an equivalence class of closed 
n-forms is an element of the nth cohomology group H"(M). 

The idea is now clear. Physical string states are identified as BRST co- 
homology classes. Thus, in the enlarged Fock space that includes the 6 and 
c oscillators in addition to the a oscillators, one requires that a physical 
on-shell string state is annihilated by the operator Qg, that is, it is BRST 
closed. Furthermore, if the difference of two BRST-closed states is BRST 
exact, so that it is given as Qg applied to some state, then the two BRST- 
closed states represent the same physical state. In the case of closed strings, 
this applies to the holomorphic and antiholomorphic sectors separately. 

Because of the ghost zero modes, bg and co, the ground state is doubly 
degenerate. Denoting the two states by | J) and | |), co| |) = | T) and 
bol 1) = | 1). Also, co] T) = bol |) = 0. The ghost number assigned to one 
of these two states is a matter of convention. The other is then determined. 





The most symmetrical choice is to assign the values +1/2, which is what we 
do. This resolves the ambiguity of a constant in the ghost-number operator 


CO 
U = = : c(z)b(z) : dz = 5 (cabo — boco) + d{e-nbn — b ncn). (3.89) 
Which one of the two degenerate ground states corresponds to the physical 

ground state (the tachyon)? The fields b and c are not on a symmetrical foot- 

ing, so there is a definite answer, namely | |), as will become clear shortly. 

The definition of physical states can now be made precise: they correspond 

to BRST cohomology classes with ghost number equal to —1/2. In the case 

of open strings, this is the whole story. In the case of closed strings, this 
construction has to be carried out for the holomorphic (right-moving) and 
antiholomorphic (left-moving) sectors separately. The two sectors are then 
tensored with one another in the usual manner. 

To make contact with the results of Chapter 2, let us construct a unique 

9 This is the proper analogy for open strings. In the case of closed strings, the better analogy 


relates Qg and Op to the holomorphic and antiholomorphic differential operators 0 and ð of 
complex differential geometry. 
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representative of each cohomology class. A simple choice is given by the a 
oscillators and Virasoro constraints applied to the ground state | |). The way 
to achieve this is to select states |) that satisfy b,|¢) = 0 for n = 0,1,... 
Note that this implies, in particular, that | |) is physical and | T) is not. Then 
the Virasoro constraints and the mass-shell condition follow from Qp|¢) = 0 
combined with {Qp, bn} = Ln — dno. Note that b,|¢) = 0 implies that |¢) 
can contain no c-oscillator excitations. Then the ghost-number requirement 
excludes b-oscillator excitations as well. So these representatives precisely 
correspond to the physical states constructed in Chapter 2. 

It was mentioned earlier that a pair of fermion fields can be equivalent to 
a boson field on a circle of suitable radius. Let us examine this bosonization 
for the ghosts. The claim is that it is possible to introduce a scalar field 
(z) such that the energy-momentum tensors JT), and Ty can be equated: 


—5 (06)? + 2826 = e(z)db(2) — 26(2)8e(2), (3.90) 


and similarly for the antiholomorphic fields. The coefficient of the term 
proportional to 07¢ is chosen so that the central charge is —26. In particular, 
for the zero mode Eq. (3.90) gives 


503 +X b-ndn — 1/8 = X n(benen + c-nbn). (3.91) 
n=1 n=1 


The —1/8 is the difference of the normal-ordering constants of the boson 
and the fermions. The ¢ oscillators satisfy [6m,¢n] = Mom+4n,0, as usual. 
Also, ¢o is identified with the ghost-number operator U, which is the zero 
mode of the relation —i0¢ = cb. Note that ioa — 1/8 = 0 for ghost number 
+1/2. More generally, U = ġo takes values in Z + 1/2. The integer spacing 
determines the periodicity of ¢ to be 27, and the half-integer offset means 





that string wave functions must be antiperiodic in their ¢ dependence 


(olo) + 27) = —V(d(o)). (3.92) 





EXERCISES 





EXERCISE 3.5 
Show that the integrand in Eq. (3.79) changes by a total derivative under 
the transformations (3.82). 
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SOLUTION 
Under the global fermionic symmetry the integrand £ changes by 

ôL = 206X -OX + 20X - ISX + 5bdc + bðőc = Lı + 5L3, 


where the index on d£ counts the number of fermionic fields. Using Eqs (3.82) 
we obtain 


Lı = 2nO(cOX) - OX + 2OX - A(cOX) + nT x Ac = 2nd (cOX"9X,,) 
and 
6L3 = nThcOc — nbO(cdc) = —nd (bcdc) , 


which are total derivatives since 7 is constant. The result for the complex- 
conjugate fields can be derived similarly. 














3.3 Background fields 


Among the background fields, three that are especially significant are as- 
sociated with massless bosonic fields in the spectrum. They are the metric 
Juw(X), the antisymmetric two-form gauge field B,,(X) and the dilaton 
field ®(X). The metric appears as a background field in the term 


: - f VPH aul XXX Es (3.93) 


Sy = — 
I Ara 


In Chapter 2 only flat Minkowski space-time with (guv = Nv) was consid- 
ered, but other geometries are also of interest. 
The antisymmetric two-form gauge field B,, appears as a background 
field in the term!° 
1 


Ara! 


SB 





if e°’ Buy (X)OoX"OgX"d?z. (3.94) 
M 


This term is only present in theories of oriented bosonic strings. The projec- 
tion onto strings that are invariant under reversal of orientation (a procedure 
called orientifold projection) eliminates the B field from the string spectrum. 
In cases when this term is present, it can be regarded as a two-form analog 
of the coupling S4 of a one-form Maxwell field to the world line of a charged 
particle, 


S4= a | Auittar. (3.95) 


10 The antisymmetric tensor density 6°? has components e?! = —e!0 = 1 and © = cll = 9, 
The combination ¢%?/Vh transforms as a tensor. 
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So the strings of such theories are charged in this sense. This is explored 
further in later chapters. 
The dilaton appears in a term of the form 


oe > J VRX) RO (h) 22, (3.96) 


where R) (h) is the scalar curvature of the two-dimensional string world 
sheet computed from the world-sheet metric hag. The dilaton term Sẹ is 
one order higher than Sy and Sz in the a’ expansion, since it is lacking the 
two explicit factors of X that appear in Sg and Sz. 


The role of the dilaton 


The dilaton plays a crucial role in defining the string perturbation expansion. 
The special role of the dilaton term is most easily understood by considering 
the particular case in which ® is a constant. More generally, if it approaches 
a constant at infinity, it is possible to separate this constant mode from the 
rest of ® and focus on its contribution. 

The key observation is that, when ® is a constant, the integrand in 
Eq. (3.96) is a total derivative. This means that the value of the integral is 
determined by the global topology of the world sheet, and this term does 
not contribute to the classical field equations. The topological invariant that 
arises here is an especially famous one. Namely, 


(M) = + i. Vi R®)(h) dz (3.97) 


is the Euler characteristic of M. It is related to the number of handles 
Np, the number of boundaries np and the number of cross-caps ne of the 
Euclidean world sheet M by 


x(M) = 2 — 2n} — np = ne. (3.98) 


The simplest example is the sphere, which has x = 2, since it has no han- 
dles, boundaries or cross-caps. x = 1 is achieved for a disk, which has one 
boundary and for a projective plane, which has one cross-cap. One can de- 
rive a projective plane from a disk by decreeing that opposite points on the 
boundary of the disk are identified as equivalent. There are four distinct 
topologies that can give y = 0. They are a torus (one handle), an annu- 
lus or cylinder (two boundaries), a Moebius strip (one boundary and one 
cross-cap), and a Klein bottle (two cross-caps). 

There are several distinct classes of string-theory perturbation expansions, 
which are distinguished by whether the fundamental strings are oriented or 
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unoriented and whether or not the theory contains open strings in addition 
to closed strings. All of these options can be considered as different versions 
of the bosonic string theory. In a string theory that contains only closed 
strings there can be no world-sheet boundaries, since these are created by 
the ends of open strings. Also, in a theory of oriented strings the world sheet 
is necessarily orientable, and this implies that there can be no cross-caps. 

In the simplest and most basic class of string theories, the fundamen- 
tal strings are closed and oriented, and there are no open strings. This 
possibility is especially important as it is the case for type II superstring 
theories and heterotic string theories in ten-dimensional Minkowski space- 
time, which are discussed in subsequent chapters. For such theories the 
only possible string world-sheet topologies are closed and oriented Riemann 
surfaces, whose topologies are uniquely characterized by the genus np (the 
number of handles). The genus corresponds precisely to the number of string 
loops. One can visualize this by imagining a slice through the world sheet, 
which exposes a collection of closed strings that are propagating inside the 
diagram. 

A nice feature of theories of closed oriented strings is that there is just 
one string theory Feynman diagram at each order of the perturbation ex- 
pansion, since the Euler characteristic is uniquely determined by the genus. 
The enormous number of Feynman diagrams in the field theories that ap- 
proximate these string theories at low energy corresponds to various possible 
degenerations (or singular limits) of these Riemann surfaces. Another mar- 
velous fact is that at each order of the perturbation theory (that is, for each 
genus) these amplitudes have no ultraviolet (UV) divergences. Thus these 
string theories are UV finite theories of quantum gravity. As yet, no other 
approach to quantum gravity has been found that can achieve this. 

Another important possibility is that the fundamental strings are unori- 
ented and they can be open as well as closed. This is the situation for 
type I superstring theory. The fact that the strings are unoriented is ulti- 
mately attributable to the presence of an object called an orientifold plane. 
In a similar spirit, the fact that open strings are allowed can be traced to 
the presence of objects called D-branes. D-branes are physical objects on 
which strings can end, and the presence of D-branes implies that strings 
are breakable. Thus, for example, in the type I superstring theory one has 
to include all possible world sheets that have boundaries and cross-caps as 
well as handles. Clearly this is a more complicated story than in the cases 
without boundaries and cross-caps. Moreover, the cancellation of ultravio- 
let divergences for such theories is only achieved when all diagrams of the 
same Euler characteristic are (carefully) combined. The remainder of this 
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section applies to theories that contain only oriented closed strings, so that 
the relevant Riemann surface topologies are characterized entirely by the 
genus Np. 


Effective potential and moduli fields 


The dependence of a string theory on the background values of scalar fields 
can be characterized, at least at energies that are well below the string scale 
1/l;, by an effective potential Veg (¢), where ¢ now refers to all low-mass or 
zero-mass scalar fields, and one imagines that high-mass fields have been in- 
tegrated out. String vacua correspond to local minima of this function. Such 
minima may be only metastable if tunneling to lower minima is possible. 

In a nongravitational theory, an additive constant in the definition of 
Veg would not matter. However, in a gravitational theory the value of Veg 
at each of the minima determines the energy density in the corresponding 
vacuum. This energy density acts as a source of gravity and influences the 
geometry of the space-time. The value of Vag at a minimum determines 
the cosmological constant for that vacuum. The measured value in our 
Universe is exceedingly small, A ~ 1071? in Planck units. As such, it is 
completely irrelevant to particle physics. However, it plays an important 
role in cosmology. Explaining the observed vacuum energy, or dark energy, 
is a major challenge that has been a research focus in recent years. 

If the effective potential has an isolated minimum then the matrix of 
second derivatives determines the masses of all the scalar fields to be positive. 
If, on the other hand, there are flat directions, one or more eigenvalues of 
the matrix of second derivatives vanishes and some of the scalar fields are 
massless. The vacuum expectation values (or vevs) of those fields can be 
varied continuously while remaining at a minimum. In this case one has 
a continuous moduli space of vacua and one speaks of a flat potential. If 
there are no massless scalars in the real world, the true vacuum should be 
an isolated point rather than part of a continuum. This seems likely to be 
the case for a realistic vacuum, because scalars in string theory typically 
couple with (roughly) gravitational strength. The classical tests of general 
relativity establish that the long-range gravitational force is pure tensor, 
without a scalar component, to better than 1% precision. It is difficult 
to accommodate a massless scalar in string theory without violating this 
constraint. So one of the major challenges in string phenomenology is to 
construct isolated vacua without any moduli. This is often referred to as 
the problem of moduli stabilization, which is discussed in Chapter 10. 
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3.4 Vertex operators 


Vertex operators Vz are world-sheet operators that represent the emission or 
absorption of a physical on-shell string mode |¢) from a specific point on the 
string world sheet. There is a one-to-one mapping between physical states 
and vertex operators. Since physical states are highest-weight states, the 
corresponding vertex operators are primary fields, and the problem of con- 
structing them is the inverse of the problem discussed earlier in connection 
with the state-operator correspondence. In the case of an open string, the 
vertex operator must act on a boundary of the world sheet, whereas for a 
closed string it acts on the interior. Thus, summing over all possible insertion 
points gives an expression of the form go $ V4(s)ds in the open-string case. 
The idea here is that the integral is over a boundary that is parametrized by 
a real parameter s. In the closed-string case one has gs f Va(z, 2)d?z, which 
is integrated over the entire world sheet. In each case, the index ¢ is meant 
to label the specific state that is being emitted or absorbed (including its 
26-momentum). There is a string coupling constant gs that accompanies 
each closed-string vertex operator. The open-string coupling constant go is 
related to it by g2 = gs. To compensate for the integration measure, and 
give a coordinate-independent result, a vertex operator must have conformal 
dimension 1 in the open-string case and (1,1) in the closed-string case. 

If the emitted particle has momentum k”, the corresponding vertex op- 
erator should contain a factor of exp(ik- ax). To give a conformal field, this 
should be extended to exp(ik - X). However, this expression needs to be 
normal-ordered. Once this is done, there is a nonzero conformal dimension, 
which (in the usual units ls = /2a’ = 1) is equal to k?/2 in the open- 
string case and (k?/8, k?/8) in the closed-string case. The relation between 
these two results can be understood by recalling that the left-movers and 
the right-movers each carry half of the momentum in the closed-string case. 
These results are exactly what is expected for the vertex operators of the 
respective tachyons. For other physical states, the vertex operator contains 
an additional factor of dimension n or (n,n), where n is a positive integer. 
Let us now explain the rule for constructing these factors. 

A Fock-space state has the form 


= []o*n, He ã” n10; k}, (3.99) 


or (more generally) a superposition of such terms. The vertex operator of 
the tachyon ground state is exp(ik - X) (with normal-ordering implicit). In 
the following we eee how to modify the ground-state vertex operator 
to account for the a” factors. To do this notice that the contour integral 
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identity 
1 
a gS f z ™ƏX"dz (3.100) 
T 
suggests that we simply replace 
2i 
H M yH 
A m ` = pi? XP) m > 0. (3.101) 


This is not an identity, of course. The right-hand side contains a",,, plus an 
infinite series of z-dependent terms with positive and negative powers. So, 
according to this proposal, a general closed-string vertex operator is given 
by an expression of the form 


Vo(z, 2) =: | [OX (2) [] a7 xX” (ze XO) ., (3.102) 
i j 


or a superposition of such terms, where 
k2 
ge (3.103) 


It is not at all obvious that this ensures that Vy has conformal dimension 
(1,1). In fact, this is only the case if the original Fock-space state satisfies 
the Virasoro constraints. 

Vertex operators can also be introduced in the formalism with Faddeev— 
Popov ghosts. In this case the physical state condition is Qp|¢) = Qp|¢) = 
0. Physical states are BRST closed, but not exact. The corresponding 
statement for vertex operators is that if ¢ is BRST closed, then [Qp, Vs] = 
(Qn, Vs] = 0. Similarly, if @ is BRST exact, then Vz can be written as the 
anticommutator of Qg or Os with some operator. 

The operator correspondences for the ghosts are 


1 =l 
— 0” > . 
bm > (mai? b, m>2 (3.104) 
and 
1 m-+1 
C_m ` (m+? C, m > —1. (3.105) 


These rules reflect the fact that b is dimension 2 and c is dimension —1. In 
particular, the unit operator is associated with a state that is annihilated 
by bm with m > —1 and by cm with m > 2. Such a state is uniquely 


(up to normalization) given by b_,| |), which has ghost number —3/2. Let 
us illustrate the implications of this by considering the tachyon. Since one 
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must act on b_;| |) with cı to obtain the tachyon state, it follows that in the 
BRST formalism the closed-string tachyon vertex operator takes the form 


Viz, Z) = : c(z)e(zZe**@?) - (3.106) 


Let Vs denote the dimension (1, 1) vertex operator for a physical state |¢) 
described earlier. Then cčV% is the vertex operator corresponding to |¢) in 
the formalism with ghosts, provided that one chooses the BRST cohomology 
class representative satisfying bm|¢) = 0 for m > 0 discussed earlier. Since 
the c ghost has dimension —1 this operator has dimension (0,0). As was 
explained, dimension (1,1) ensures that the integrated expression f Vz dz 
is invariant under conformal transformations. Similarly, the dimension (0, 0) 
unintegrated expression cčV¢ is also conformally invariant. For reasons that 
are explained in the next section, both kinds of vertex operators, integrated 
and unintegrated, are required. 





EXERCISES 





EXERCISE 3.6 


By computing the OPE with the energy-momentum tensor determine the 


dimension of the vertex operator V =: e* *(@7) :, 


SOLUTION 


In order to determine the dimension of the vertex operator V we only need 
the leading singularity of the OPE 


T(z): elk Xw). 9. AX" (z)OX,,(z) ws kX (w0) 


This can be computed using Eq. (3.35), which gives 


(OX"(2)X"(w)) = -12 


4z- w` 





Here, X” (w) should be identified with the holomorphic part of X” (w, w). 
From this it follows that 


ðX" (z) : eik X (w0). (OX"(z) ik X(w)) : eik X (ww) . 


i kh . eikX(w,w) . 


wN —— 


4z=-w` 
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Therefore, 


2 
T(z) : EXW) s RB, eik- X (wi) 


Gaur” a ere 


This shows that h = k2/8. Similarly one can compute the OPE with T(z) 
showing (A, h) = (k?/8,k?/8) for the closed string. In particular, this is the 
tachyon emission operator, which has dimension (1,1), for M? = —k? = —8. 














EXERCISE 3.7 
Determine the conformal dimensions of the operator 


Viet OK OK Gate es 
What condition has to be imposed on f,,, so that this vertex operator is a 


conformal field? 


SOLUTION 
The OPE of the energy-momentum tensor with the vertex operator is 
—2 fiat OX” (Z)OX plz) 2: OX" (w)OX” (w)e* X (w8) 2, 


There are several contributions in the above OPE, which we denote by Ky 
where the index N denotes the contribution of order (z —w)7%. First of all 
there is a cubic contribution 


ðX” (w) 
(z -= w)?’ 





a 
K3= gr fw 


which is required to vanish if V is supposed to be a conformal field. As a 
result 


k” fy =0. 


The conformal dimension of V is then obtained from the K2 term, which 
takes the form 

1+k?/8 
oe L+k*/8,, 

(z—w)? 

The 1 term comes from contracting T with the prefactor and the k?/8 term 
comes from contracting T with the exponential (as in the previous problem). 
This shows that V has conformal dimension (h, h) = (1+k?/8,1+k?/8). O 
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3.5 The structure of string perturbation theory 


The starting point for studying string perturbation theory is the world-sheet 
action with Euclidean signature. Before gauge fixing, it has the general form 


Sws =| L(hog; X"; background fields) dz. (3.107) 
M 


As usual, hag is the two-dimensional world-sheet metric, and X"(z, Z) de- 
scribes the embedding of the world sheet M into the space-time manifold 
M. Thus z is a local coordinate on the world sheet and X” are local coordi- 
nates of space-time. Working with a Euclidean signature world-sheet metric 
ensures that the functional integrals (to be defined) are converted to con- 
vergent Gaussian integrals. The background fields should satisfy the field 
equations to be consistent. When this is the case, the world-sheet theory 
has conformal invariance. 


Partition functions and scattering amplitudes 


Partition functions and on-shell scattering amplitudes can be formulated as 
path integrals of the form proposed by Polyakov 


Z~ e (3.108) 


Here f Dh means the sum over all Riemann surfaces (M, h). However, this 
is a gauge theory, since S is invariant under diffeomorphisms and Weyl 
transformations. So one should really sum over Riemann surfaces modulo 
diffeomorphisms and Weyl transformations. 1 

World-sheet diffeomorphism symmetry allows one to choose a conformally 


flat world-sheet metric 
hag = e” ap. (3.109) 


When this is done, one must add the Faddeev-Popov ghost fields b(z) and 
c(z) to the world-sheet theory to represent the relevant Jacobian factors in 
the path integral. Then the local Weyl symmetry (hag — Ahag) allows one 
to fix w (locally) — say to zero. However, this is not possible globally, due 
to a topological obstruction: 





ob =0> R(h) =05 x(M) =0. (3.110) 





So, such a choice is only possible for world sheets that admit a flat metric. 


11 In the case of superstrings in the RNS formalism, discussed in the next chapter, the action also 
has local world-sheet supersymmetry and super- Weyl symmetry, so these equivalences also need 
to be taken into account. 
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Among orientable Riemann surfaces without boundary, the only such case 
is Ny = 1 (the torus). For each genus np there are particular ws compatible 
with y(M) = 2 — 2m, that are allowed. A specific choice of such a w 
corresponds to choosing a complex structure for M. Let us now consider the 
moduli space of inequivalent choices. 

Riemann surfaces of different topology are certainly not diffeomorphic, so 
each value of the genus can be considered separately, giving a perturbative 
expansion of the form 


DAN Des: (3.111) 


Nh=0 


This series is only an asymptotic expansion, as in ordinary quantum field 

theory. Moreover, there are additional nonperturbative contributions that 

it does not display. Sometimes some of these can be identified by finding 

suitable saddle points of the functional integral, as in the study of instantons. 
A constant dilaton (x) = Po contributes 


Sai = Bo x(M) = ®o(2 — 2p). (3.112) 
Thus Zn, contains a factor 
exp(— Sain) = exp(®o(2ny, — 2)) = g2""?, (3.113) 
where the closed-string coupling constant is 
gs = e®?. (3.114) 


Thus each handle contributes a factor of g2. 

This role of the dilaton is very important. It illustrates a very general les- 
son: all dimensionless parameters in string theory — including the value of 
the string coupling constant — can ultimately be traced back to the vacuum 
values of scalar fields. The underlying theory does not contain any dimen- 
sionless parameters. Rather, all dimensionless numbers that characterize 
specific string vacua are determined as the vevs of scalar fields. 


The moduli space of Riemann surfaces 


The gauge-fixed world-sheet theory, with a conformally flat metric, has two- 
dimensional conformal symmetry, which is generated by the Virasoro opera- 
tors. In carrying out the Polyakov path integral, it is necessary to integrate 
over all conformally inequivalent Riemann surfaces of each topology. The 
choice of a complex structure for the Riemann surface precisely corresponds 
to the choice of a conformal equivalence class, so one needs to integrate over 
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the moduli space of complex structures, which parametrizes these classes. 
In the case of superstrings the story is more complicated, because there are 
also fermionic moduli and various possible choices of spin structures. We 
will not explore these issues. 

In order to compute an N-particle scattering amplitude, not just the parti- 
tion function, it is necessary to specify N points on the Riemann surface. At 
each of them one inserts a vertex operator V4(z, Z) representing the emission 
or absorption of an asymptotic physical string state of type ¢. Mathemati- 
cians like to regard such marked points as removed from the surface, and 
therefore they refer to them as punctures. 

To compute the np-loop contribution to the amplitude requires integrating 
over the moduli space Mn,,y of genus np Riemann surfaces with N punc- 
tures. According to a standard result in complex analysis, the Riemann- 
Roch theorem, the number of complex dimensions of this space is 


dime Mn, N = 3nh -3 +N, (3.115) 


and the real dimension is twice this. Therefore, this is the dimension of the 
integral that represents the string amplitude. For np > 1 it is very difficult 
to specify the integration region M,,, 1 explicitly and to define the integral 
precisely. However, this is just a technical problem, and not an issue of 
principle. The cases np = 0,1 are much easier, and they can be made very 
explicit. 

In the case of genus 0 (or tree approximation), one can conformally map 
the Riemann sphere to the complex plane (plus a point at infinity). The 
SL(2,C) group of conformal isometries is just sufficient to allow three of the 
punctures to be mapped to arbitrarily specified distinct positions. Then all 
that remains is to integrate over the coordinates of the other N — 3 puncture 
positions. This counting of moduli agrees with Eq. (3.115) for the choice 
nn = 0. To achieve this in a way consistent with conformal invariance, one 
should use three unintegrated vertex operators and N — 3 integrated vertex 
operators in the Polyakov path integral. These two types of vertex operators 
were described in the previous section. In the tree approximation, using the 
fact that the correlator of two X fields on the complex plane is a logarithm, 
one obtains the N-tachyon amplitude (or Shapiro—Virasoro amplitude) 


An (ki, ke, -.- = g^- 2 f dunt) J [ia - zl"? (3.116) 
i<j 


where 


dun(z) = |(z4 — zB) (zB — zo) (zc — za )|? 
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N 
xô (za — 29) (zB — 24)67(z0 — 22) II dzi. (3.117) 
i=1 
The formula is independent of 24, 29,22, due to the SL(2, C) symmetry, 
which allows them to be mapped to arbitrary values. 

In the case of a torus (genus one), the complex structure (or conformal 
equivalence class) is characterized by one complex number 7. The conformal 
isometry group in this case corresponds to translations, so the position of 
one puncture can be fixed. Thus, in the genus-one case the path integral 
should contain one unintegrated vertex operator and N —1 integrated vertex 
operators. This leaves an integral over 7 and the coordinates of N — 1 
of the punctures for a total of N complex integrations in agreement with 
Eq. (3.115) for np = 1. For genus np > 1, there are no conformal isometries, 
and so all N vertex operators should be integrated. In all cases, the number 
of unintegrated vertex operators, and hence the number of c-ghost insertions 
is equal to the dimension of the space of conformal isometries. This also 
matches the number of c-ghost zero modes on the corresponding Riemann 
surface, so these insertions are just what is required to give nonvanishing 
integrals for the c-ghost zero modes. 1? 

There also needs to be the right number of b-ghost insertions to match 
the number of b-ghost zero modes. This number is just the dimension of the 
moduli space. By combining these b-ghost factors with expressions called 
Beltrami differentials in the appropriate way, one obtains a moduli-space 
measure that is invariant under reparametrizations of the moduli space. 
The reader is referred to the literature (e.g., volume 1 of Polchinski) for 
further details. 

Let us now turn to the definition of 7, the modular parameter of the torus, 
and the determination of its integration region (the genus-one moduli space). 
A torus can be characterized by specifying two periods in the complex plane, 


zrvztui, z2r~zt+ua. (3.118) 


The only restriction is that the two periods should be finite and nonzero, and 
their ratio should not be real. The torus is then identified with the complex 
plane C modulo a two-dimensional lattice A (w; w2), where Afu; v2) = {Mw + 
nw2, m,n € Z}, 


T? ao Niet (3.119) 
Rescaling by the conformal transformation z — z/we, this torus is con- 
formally equivalent to one whose periods are 1 and T = w1ı/w2, as shown in 


12 Recall that, for a Grassmann coordinate co, J dco = 0 and J codco =i 


3.5 The structure of string perturbation theory 93 


A 
Im w 





0 1 Rew 


Fig. 3.3. When opposite edges of the parallelogram are identified, this becomes a 
torus. 


Fig. 3.3. Without loss of generality (interchanging wı and w2, if necessary), 
one can restrict T to the upper half-plane H (Im 7 > 0). Now note that the 
alternative fundamental periods 


w, =aw,+bwe and w4 = cw + dwz (3.120) 


define the same lattice, if a,b,c,d € Z and ad — bc = 1. In other words, 


( : : ) € SL(2,Z). (3.121) 


This implies that a torus with modular parameter 7 is conformally equivalent 
to one with modular parameter 


, wi — OF ED 


T= >= 
w, cr+d 





(3.122) 


Accordingly, the moduli space of conformally inequivalent Riemann surfaces 
of genus one is 


Mya = H/PSL(2, Z). (3.123) 
The infinite discrete group PSL(2,Z) = SL(2, Z)/Zə is generated by the 
transformations T > 7+1 and Tr — —1/r. The division by Zə takes account 
of the equivalence of an SL(2,Z) matrix and its negative. The PSL/(2, Z) 


identifications give a tessellation of the upper half-plane H. 
A natural choice for the fundamental region F is 


[Rer| < 1/2, dma >0, |x| 21, (3.124) 


as shown in Fig. 3.4. The moduli space has three cusps or singularities, 
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Fig. 3.4. The shaded region is the fundamental region of the modular group. 


where there is a deficit angle, which are located at the 7 values i, oo, and 
w = exp(iz/3).!° Therefore, it is not a smooth manifold. 

If one uses the translation symmetry freedom to set z1 = 0, then a one- 
loop amplitude takes the form 


dr : > 
Sioa fa AON)» Ven) Par. Pane (3.125) 


The angular brackets around the product of vertex operators denote a func- 
tional integration over the world-sheet fields. An essential consistency re- 
quirement is modular invariance. This means that the integrand should be 
invariant under the SL(2, Z) transformations (also called modular transfor- 
mations) 


ar +b Zi 
5 Zi > ; 
cr+d cr+d 





(3.126) 


so that the result is the same whether one integrates over the fundamental 
region F or any of its SL(2, Z) images. It is a highly nontrivial fact that 
this works for all consistent string theories. In fact, it is one method of 
understanding why the only possible gauge groups for the heterotic string 
theory (with M = 1 supersymmetry in ten-dimensional Minkowski space- 
time) are SO(32) and Eg x Eg, as is discussed in Chapter 7. 

There are higher-genus analogs of modular invariance, which must also 
be satisfied. This has not been explored in full detail, but enough is known 
about the various string theories to make a convincing case that they must 
be consistent. For now, let us make some general remarks about multiloop 


13 The point w? = exp(2ix/3) may appear to be another cusp, but it differs from w by 1, and 
therefore it represents the same point in the moduli space. 
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string amplitudes that are less detailed than the particular issue of modular 
invariance. 

It is difficult to describe explicitly the moduli of higher-genus Riemann 
surfaces, and it is even harder to specify a fundamental region analogous to 
the one described above for genus one. However, the dimension of moduli 
space, which is the number of integrations, is not hard to figure out. It is as 
shown in Table 3.1. Note that in all cases the sum is 3n} — 3 + N, as stated 
in Eq. (3.115). 





moduli of M moduli of punctures 





my = 0 0 N-3 
nh = 1 1 N-1 
Ny > 2 3ny, — 3 N 





Table 3.1. The number of complex moduli for an ny-loop N -particle 
closed-string amplitude. 


< NYL yb oy) bs > 
dı d2 d3 Ag 


Fig. 3.5. Canonical basis of one-cycles for a genus-g Riemann surface. 


The first homology group of a genus-np Riemann surface has 2ny, genera- 
tors. It is convenient to introduce a canonical basis consisting of np a-cycles 
and np b-cycles, as shown in Fig. 3.5. There are also 2np one-forms that 
generate the first cohomology group. The complex structure of the Riemann 
surface can be used to divide these into np holomorphic and np antiholomor- 
phic one-forms. Thus one obtains the fundamental result that a genus-np 
Riemann surface admits np linearly independent holomorphic one-forms. 
One can choose a basis w;, i = 1, 2,..., nn, of holomorphic one-forms by the 
requirement that 


$ Wj = Oi; 7 (3.127) 


The integrals around the b-cycles then give a matrix 


A wj = Qij (3.128) 
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called the period matrix. For example, in the simple case of the torus w = dz 
and Q = r. Two fundamental facts are that Q is a symmetric matrix and 
that its imaginary part is positive definite. Symmetric matrices with a 
positive-definite imaginary part define a region called the Siegel upper half 
plane. 

There is a group of equivalences for the period matrices that general- 
izes the SL(2,Z) group of equivalences in the genus-one case. It acts in a 
particularly simple way on the period matrices. Specifically, one has 


Q => V = (AN + BC+ D), (3.129) 
where A, B,C, D are np X np matrices and 
A B 
E A E€ Sp(ny, Z). (3.130) 


This group is called the symplectic modular group. The notation Sp(n, Z) 
refers to 2n-dimensional symplectic matrices with integer entries. Recall 
that symplectic transformations preserve an antisymmetric “metric” 


e a wa 


In the one-loop case the modular parameter 7 and the period matrix 
are the same thing. So integration over the moduli space of conformally 
inequivalent Riemann surfaces is the same as integration over a fundamental 
region defined by modular transformations. At higher genus the story is 
more complicated. The period matrix has complex dimension 5My (Nn +1) 
(since it is a complex symmetric matrix), whereas the moduli space has 
3n, — 3 complex dimensions. At genus 2 and 3 these dimensions are the 
same, and the relation between a fundamental region in the Siegel upper 
half plane and the moduli space can be worked out. For np > 3, the moduli 
space is a subspace of finite codimension. Thus, even though the integrand 
can be written quite explicitly, it is a very nontrivial problem (known as the 
Riemann-Schottky problem) to determine which period matrices correspond 
to Riemann surfaces. 





EXERCISES 





EXERCISE 3.8 
Explain why the point T = i is a cusp of the moduli space of the torus. 
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SOLUTION 


This can be understood by examining the identifications made in the moduli 
space. This is displayed in Fig. 3.6. Specifically, the identification T ~ —1/r 
glues the left half of the unit circle to the right half, and it has 7 = i as a 
fixed point. 


2in3 





» Ret 








-1 1 


Fig. 3.6. Image of the fundamental domain of the torus. Opposite edges are glued 
together as indicated by the arrows. This explains why there are cusps in the 
moduli space. 














EXERCISE 3.9 
Show that d?r/(Im7)? is an SL(2, Z)-invariant measure on M. Using this 
measure, compute the volume of M. 
SOLUTION 
Under the SL(2, Z) transformation in Eq. (3.122) 
dr — |\er+d|~4*d?r and Imr > |er + d|~*Imr, 


which implies the invariance of the measure. Equivalently, one can check 
that the measure is invariant under the two transformations T — T + 1 and 
T — —1/7 which generate SL(2, Z). 

The volume of the moduli space is obtained from the integral 


ra d?r 
F (m7)? 


over the fundamental region. Letting T = x + iy and defining d?r = dzdy, 
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this takes the form 


+1/2 oe) dy +1/2 dz E 
—1/2 Vi-a2 Y -1/2 Vl—a2? 3 


where we have set T = x + iy. 














3.6 The linear-dilaton vacuum and noncritical strings 


An interesting example of a nontrivial background that preserves conformal 
symmetry is one in which the dilaton field depends linearly on the spatial 
coordinates. Letting y denote the direction along which it varies and x“ the 
other D — 1 space-time coordinates, the linear dilaton background is 


B(X",Y) = kY (z, 2), (3.132) 


where k is a constant. After fixing the conformal gauge, the dilaton term 
no longer contributes to the world-sheet action, which remains independent 
of k, but it does contribute to the energy-momentum tensor. 

The energy-momentum tensor for the linear-dilaton background is derived 
by varying the action with respect to the world-sheet metric before fixing 
the conformal gauge. The result is 


T(z) = —2(OX#OX,, + OYOY) + ke’. (3.133) 


This expression gives a TT OPE that still has the correct structure to define 
a CFT. One peculiarity is that the OPE of T with Y has an extra term 
(proportional to k), which implies that OY does not satisfy the definition of 
a conformal field. 

Calling D the total space-time dimension (including Y), the central charge 
determined by the TT OPE turns out to be 


c=č= D +3k?. (3.134) 


Thus, the required value c = 26 can be achieved for D < 26 by choosing 


26— D 
R ii (3.135) 


Of course, there is Lorentz invariance in only D — 1 dimensions, since the 





Y direction is special. Theories with k # 0 are called noncritical string 
theories. 

The extra term in T contributes to Lo, and hence to the equation of motion 
for the free tachyon field t(x”, y). For simplicity, let us consider solutions 


8.6 The linear-dilaton vacuum and noncritical strings 99 


that are independent of x“. Then the equation of motion (Lo — 1)|t) = 0 
becomes 


t" (y) — 2kt'(y) + 8t(y) = 0. (3.136) 


Since this is a stationary (zero-energy) equation, the existence of oscilla- 
tory solutions is a manifestation of tachyonic behavior. This equation has 
solutions of the form exp(qy) for 








q = q4 = k + y (2 — D)/3. (3.137) 


Thus, there is no oscillatory behavior for D < 2, and one expects to have 
a stable vacuum in this case. Since the Y field is present in any case, D > 1. 
Fractional values between 1 and 2 are possible if a unitary minimal model 
is used in place of X”. 

These results motivate one to further modify the world-sheet theory in the 
case of D < 2 by adding a tachyon background term of the form To exp(q_Y). 
The resulting world-sheet theory is called a Liouville field theory. Despite 
its nonlinearity, it is classically integrable, and even the quantum theory is 
quite well understood (after many years of hard work). 

Recall that the exponential of the dilaton field gives the strength of the 
string coupling. So the linear dilaton background describes a world in which 
strings are weakly coupled for large negative y and strongly coupled for large 
positive y. One could worry about the reliability of the formalism in such 
a set-up. However, the tachyon background or Liouville exponential e% 
suppresses the contribution of the strongly coupled region, and this keeps 
things under control. Toy models of this sort with D = 1 or D = 2 are simple 
enough that their study has proved valuable in developing an understanding 
of some of the intricacies of string theory such as the asymptotic proper- 
ties of the perturbation expansion at high genus and some nonperturbative 
features. 

A completely different methodology that leads to exactly the same world- 
sheet theory makes no reference to dilatons or tachyons at all. Rather, one 
simply adds a cosmological constant term to the world-sheet theory. This is 
a rather drastic thing to do, because it destroys the classical Weyl invariance 
of the theory. The consequence of this is that, when one uses diffeomorphism 
invariance to choose a conformally flat world-sheet metric hag = e” Nag, the 
field w no longer decouples. Rather, it becomes dynamical and plays the 
same role as the field Y in the earlier discussion. This is an alternative 
characterization of noncritical string theories. 
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EXERCISES 





EXERCISE 3.10 

By computing the TT OPE in the linear-dilaton vacuum verify the value of 
the central charge given in Eq. (3.134). 

SOLUTION 


In order to compute the OPE, it is convenient to rewrite the energy—mo- 
mentum tensor in Eq.(3.133) in the form 


T(z) = To(z) + a,0°X*(z), 


where a, = kot, and i is the direction along which the dilaton varies. Since 
we are interested in the central charge, we only need the leading singularity 
in this OPE, which is given by 


T(z)T(w) = To(z)To(w) + aya,0?X"(z)0?X"(w) +... 


Now we use the results for the leading-order singularities 


To(z)To(w) = a and @2°X#(z)8?X"(w) = C 
to get 
az 
T(2)T(w) = eae 


This shows that in the original notation the central charge is 


c= D+3k?. 





The same computation can be repeated to obtain the result č = c. o 


3.7 Witten’s open-string field theory 


Witten’s description of the field theory of the open bosonic string has many 
analogies with Yang-Mills theory. This is not really surprising inasmuch 
as open strings can be regarded as an infinite-component generalization of 
Yang-Mills fields. It is pedagogically useful to emphasize these analogies in 
describing the theory. The basic object in Yang-Mills theory is the vector 
potential A% (x°), where u is a Lorentz index and a runs over the generators 
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of the symmetry algebra. By contracting with matrices (A\°);; that represent 
the algebra and differentials dx” one can define 


Ai; (2?) = S OA a dee (3.138) 
a,H 
which is a matrix of one-forms. This is a natural quantity from a geometric 


point of view. The analogous object in open-string field theory is the string 
field 


Aļ|z? (o), c(o)]. (3.139) 


This is a functional field that creates or destroys an entire string with co- 
ordinates x’(o), c(a), where the parameter o is taken to have the range 
0<o<v1. The coordinate c(o) is the anticommuting ghost field described 
earlier in this chapter. In this formulation the conjugate antighost b(c) is 
represented by a functional derivative with respect to c(c). 


L R 
( a) e e ° 
o=0 o=t/2 O=T 





A.|| B, 
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(b) 





A=C, BEC, 
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Fig. 3.7. An open string has a left side (o < 7/2) and aright side (o > 7/2) depicted 
in (a), which can be treated as matrix indices. The multiplication A * B = C is 
depicted in (b). 


The string field A can be regarded as a matrix (in analogy to Aij) by 
regarding the coordinates with 0 < ø < 7/2 as providing the left matrix 
index and those with 7/2 < ø < m as providing the right matrix index as 
shown in part (a) of Fig. 3.7. One could also associate Chan—Paton quark- 
like charges with the ends of the strings,!4 which would then be included 
in the matrix labels as well, but such labels are not displayed. By not 
including such charges one is describing the U(1) open-string theory. U(1) 


14 This is explained in Chapter 6. 
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gauge theory (without matter fields) is a free theory, but the string extension 
has nontrivial interactions. 
In the case of Yang—Mills theory, two fields can be multiplied by the rule 


`> Aik A Bkj = Gij: (3.140) 
k 
This is a combination of matrix multiplication and antisymmetrization of 
the tensor indices (the wedge product of differential geometry). This multi- 
plication is associative but noncommutative. A corresponding rule for string 
fields is given by a * product, 


AxB=C. (3.141) 


This infinite-dimensional matrix multiplication is depicted in part (b) of 
Fig. 3.7. One identifies the coordinates of the right half of string A with those 
of the left half of string B and functionally integrates over the coordinates 
of these identified half strings. This leaves string C consisting of the left 
half of string A and the right half of string B. It is also necessary to include 
a suitable factor involving the ghost coordinates at the midpoint o = 7/2. 

A fundamental operation in gauge theory is exterior differentiation A —> 
dA. In terms of components 


dA = 5(OpAy — O,Ay)d A dz”, (3.142) 


which contains the abelian field strengths as coefficients. Exterior differenti- 
ation is a nilpotent operation, d? = 0, since partial derivatives commute and 
vanish under antisymmetrization. The nonabelian Yang-Mills field strength 
is given by the matrix-valued two-form 


F=dA+AA4A, (3.143) 
or in terms of tensor indices, 
Fv = OyAy — OpAy + [Ay A]. (3.144) 


Let us now construct analogs of d and F for the open-string field. The 
operator that plays the roles of d is the nilpotent BRST operator Qg, which 
can be written explicitly as a differential operator involving the coordinates 
X (o), c(o). Given the operator Qg, there is an obvious formula for the 
string-theory field strength, analogous to the Yang-Mills formula, namely 


F=QpAt+Ata. (3.145) 


The string field A describes physical string states, and therefore it has ghost 
number —1/2. Since Qg has ghost number +1, it follows that F has ghost 
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number +1/2. For A x A to have the same ghost number, the * operation 
must contribute +3/2 to the ghost number. 

An essential feature of Yang-Mills theory is gauge invariance. Infinites- 
imal gauge transformation can be described by a matrix of infinitesimal 
parameters A(x”). The transformation rules for the potential and the field 
strength are then 


ôA = dA + [A,A] (3.146) 
and 
OF = |F, Al. (3.147) 
There are completely analogous formulas for the string theory, namely 
ôA = QBA + [A,A] (3.148) 


and 
ôF = |F, A]. (3.149) 


In this case [A, A] means A x A — A x A, of course. Since the infinitesimal 
parameter A[xz°(o), c(a)] is a functional, it can be expanded in terms of an 
infinite number of ordinary functions. Thus the gauge symmetry of string 
theory is infinitely richer than that of Yang-Mills theory, as required for 
the consistency of the infinite spectrum of high-spin fields contained in the 
theory. 

The next step is to formulate a gauge-invariant action. The key ingredient 
in doing this is to introduce a suitably defined integral. In the case of 
Yang-Mills theory one integrates over space-time and takes a trace over the 
matrix indices. Thus it is convenient to define f Y as f d*xTr(Y(a)). In 
this notation the usual Yang-Mills action is 


Sw J gP g ^F Fon. (3.150) 


The definition of integration appropriate to string theory is a “trace” 
that identifies the left and right segments of the string field Lagrangian, 
specifically 


[v= [ xop ex» (-Fo(a/2)) roso 


x [| (xio) — X"(r — 0))5(4(0) — olr - 0). (3.151) 


o<n/2 


As indicated in part (a) of Fig. 3.8, this identifies the left and right segments 
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of X. A ghost factor has been inserted at the midpoint. (ø) is the bosonized 
form of the ghosts described earlier. This ensures that f contributes —3/2 
to the ghost number, as required. This definition of integration satisfies the 
important requirements 








fay =0 and fm Yə] = 0. (3.152) 
(a) o=nl2 < eee 
RIL 
K L R 
a 


Fig. 3.8. Integration of a string functional requires identifying the left and right 
halves as depicted in (a). The three-string vertex, shown in (b), is based on two 
multiplications (star products) and one integration and treats the three strings 
symmetrically. 


We now have the necessary ingredients to write a string action. Trying 
to emulate the Yang-Mills action runs into a problem, because no analog of 
the metric g’? has been defined. Rather than trying to find one, it proves 
more fruitful to look for a gauge-invariant action that does not require one. 
The simplest possibility is given by the Chern—Simons form 


s~ f (AsQBA+3A+ AxA). (3.153) 


In the context of ordinary Yang—Mills theory the integrand is a three-form, 
whose variation under a gauge transformation is closed, and therefore such 
a term can only be introduced in three dimensions, where it is interpreted as 
giving mass to the gauge field. In string theory the interpretation is different, 
though the mathematics is quite analogous, and the formula makes perfectly 
good sense. In fact, in both cases extremizing the action gives rise to the 
deceptively simple classical field equation F = 0. 

The fact that the string equation of motion is F = 0 does not mean the 
theory is trivial. Dropping the interaction term, the equation of motion 
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for the free theory is QpA = 0, which is invariant under the abelian gauge 
transformation 6A = QBA, since Q2 = 0. Once one requires that A be 
restricted to contain ghost number —1/2 fields, this precisely reproduces 
the known spectrum of the bosonic string. As was explained earlier, the 
physical states of the free theory are in one-to-one correspondence with 
BRST cohomology classes of ghost number —1/2. 

The cubic string interaction is depicted in part (b) of Fig. 3.8. Two of 
the segment identifications are consequences of the x products in A * Ax A, 
and the third is a consequence of the integration. Altogether, this gives an 
expression that is symmetric in the three strings. 

As was explained earlier, in string theory one is only interested in equiva- 
lence classes of metrics that are related by conformal mappings. It is always 
possible to find representatives of each equivalence class in which the metric 
is flat everywhere except at isolated points where the curvature is infinite. 
Such a metric describes a surface with conical singularities, which is not a 
manifold in the usual sense. In fact, it is an example of a class of surfaces 
called orbifolds. The string field theory construction of the amplitude au- 
tomatically chooses a particular metric, which is of this type. The conical 
singularities occur at the string midpoints in the interaction. They have 
the property that a small circle of radius r about this point has circumfer- 
ence 3rr. This is exactly what is required so that the Riemann surfaces 
constructed by gluing vertices and propagators have the correct integrated 
curvature, as required by Euler’s theorem. 

Witten’s string field theory seems to be as simple and beautiful as one 
could hope for, though there are subtleties in defining it precisely that have 
been glossed over in the brief presentation given here. For the bosonic string 
theory, it does allow a computation of all processes with only open-string 
external lines to all orders in perturbation theory (at least in principle). The 
extension to open superstrings is much harder and has not been completed 
yet. It has been proved that the various Feynman diagrams generated by 
this field theory piece together so as to cover the relevant Riemann surface 
moduli spaces exactly once. In particular, this means that the contributions 
of closed strings in the interior of diagrams is properly taken into account. 
Moreover, the fact that this is a field-theoretic formulation means that it 
can be used to define amplitudes with off-shell open strings, which are oth- 
erwise difficult to define in string theory. This off-shell property has been 
successfully exploited in nonperturbative studies of tachyon condensation. 
However, since this approach is based on open-string fields, it is not appli- 
cable to theories that only have closed strings. Corresponding constructions 
for closed-string theories (mostly due to Zwiebach) are more complicated. 
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HOMEWORK PROBLEMS 





PROBLEM 3.1 

Compute the commutator of an infinitesimal translation and an infinitesimal 
special conformal transformation in D dimensions. Identify the resulting 
transformations and their infinitesimal parameters. 


PROBLEM 3.2 
Show that the transformations (3.14) give rise to the D = 2 case of the 
D-dimensional transformations in Eq. (3.7). 


PROBLEM 3.3 
Show that the algebra of Lorentzian-signature conformal transformations in 
D dimensions is isomorphic to the Lie algebra SO(D, 2). 


PROBLEM 3.4 
Derive the OPE 
1 


z — W 





T(z) X*(w, Ww) ~ oX” (w, w) +... 


What does this imply for the conformal dimension of X”? 


PROBLEM 3.5 


(i) Use the result of the previous problem to deduce the OPE of T(z) 
with each of the following operators: 


ƏX"(w, ©)  ÖX!(w,0),  O2X"#(w, a). 


(ii) What do these results imply for the conformal dimension (h, h) (if 
any) in each case? 


PROBLEM 3.6 
Show that 


lam: On] = Ahn An] = m imeno [ahn Ap] = 0 
by using the OPE of the field OX” (z, Z) with itself and with OX¥(z, 2). 


PROBLEM 3.7 
Consider a conformal field ®(z) of dimension h and a mode expansion of the 
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form 
+00 
® 
20). Do sae 
n=— 00 


Using contour-integral methods, like those of Exercise 3.2, evaluate the com- 
mutator [Lm, ®n]. 


PROBLEM 3.8 

Let ®(z) be a holomorphic primary field of conformal dimension h in a con- 
formal field theory with the mode expansion given in the previous problem. 
The conformal vacuum satisfies ®„|0} = 0 for n > —h. Use the results of 
the previous problem to prove that |®) = @_;,|0) is a highest-weight state. 


PROBLEM 3.9 


(i) Calculate the two-point functions (0|ġ;(21, 21); (22, Z2)|0} for an ar- 
bitrary pair of primary fields with conformal weights (h;, hi) and 
(hj, hj) taking into account that the Virasoro generators Lo and D+ 
annihilate the in and out vacua |0} and (0|. 

(ii) Show that the three-point function (0|;(21, 21) ¢; (22, 22) Ok(z3, 23) |0) 
is completely determined in terms of the conformal weights of the 





fields up to an overall coefficient Cj;,. 


PROBLEM 3.10 


(i) Show that in a unitary conformal field theory, that is, one with a 
positive-definite Hilbert space, the central charge satisfies c > 0, and 
the conformal dimensions of primary fields satisfy h > 0. Hint: eval- 
uate (¢|[Ln, L_»]|¢) for a highest-weight state |¢). 


(ii) Show that h = h = 0 if and only if |@) = |0). 


PROBLEM 3.11 
Verify the expression (3.78) for the central charge of a system of b, c ghosts 
by computing the OPE of the energy-momentum tensor Tpe with itself. 


PROBLEM 3.12 
Verify the property Q2 = 0 of the BRST charge by anticommuting two of 
the integral representations and using the various OPEs. 
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PROBLEM 3.13 

Consider a closed oriented bosonic string theory in flat 26-dimensional space- 
time. In this theory the integrated vertex operators are integrals of primary 
fields of conformal dimension (1, 1). 


(i) What is the form of these vertex operators for physical states with 
Ny, = NR =1? 

(ii) Verify that these vertex operators lead to physical states |¢) that 
satisfy the physical state conditions 


(Ln a n,0)|) = 0, (Lx = 6n,0)|¢) =0 n>0. 


PROBLEM 3.14 

Carry out the BRST quantization for the first two levels (NL = NR = 0 
and Ng = Nr = 1) of the closed bosonic string. In other words, identify 
the BRST cohomology classes that correspond to the physical states. Hint: 
analyze the left-movers and right-movers separately. 


PROBLEM 3.15 
Identify the BRST cohomology classes that correspond to physical states for 
the third level (N = 2) of the open string. 


PROBLEM 3.16 

The open-string field can be expanded as a Fock-space vector in the first- 
quantized Fock space given by the a and ghost oscillators. The first term in 
the expansion is A = T (x)| |), where T(x) is the tachyon field. Expand the 
string field A in component fields displaying the next two levels remembering 
that the total ghost number should be —1/2. Expand the action of the free 
theory to level N = 1. 


A 


Strings with world-sheet supersymmetry 


The bosonic string theory that was discussed in the previous chapters is 
unsatisfactory in two respects. First, the closed-string spectrum contains a 
tachyon. If one chooses to include open strings, then additional open-string 
tachyons appear. Tachyons are unphysical because they imply an instability 
of the vacuum. The elimination of open-string tachyons from the physical 
spectrum has been understood in terms of the decay of D-branes into closed- 
string radiation. However, the fate of the closed-string tachyon has not been 
determined yet. 

The second unsatisfactory feature of the bosonic string theory is that 
the spectrum (of both open and closed strings) does not contain fermions. 
Fermions play a crucial role in nature, of course. They include the quarks 
and leptons in the standard model. As a result, if we would like to use string 
theory to describe nature, fermions have to be incorporated. In string theory 
the inclusion of fermions turns out to require supersymmetry, a symmetry 
that relates bosons and fermions, and the resulting string theories are called 
superstring theories. In order to incorporate supersymmetry into string the- 
ory two basic approaches have been developed! 


e The Ramond-Neveu-Schwarz (RNS) formalism is supersymmetric on the 
string world sheet. 

e The Green—Schwarz (GS) formalism is supersymmetric in ten-dimensional 
Minkowski space-time. It can be generalized to other background space- 
time geometries. 


These two approaches are actually equivalent, at least for ten-dimensional 
Minkowski space-time. This chapter describes the RNS formulation of su- 
perstring theory, which is based on world-sheet supersymmetry. 


1 More recently, various alternative formalisms have been proposed by Berkovits. 
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4.1 Ramond—Neveu-—Schwarz strings 


In the RNS formalism the bosonic fields X“(o,7) of the two-dimensional 
world-sheet theory discussed in the previous chapter are paired up with 
fermionic partners w(o,7). The new fields Y(o,7) are two-component 
spinors on the world sheet and vectors under Lorentz transformations of the 
D-dimensional space-time. These fields are anticommuting which is consis- 
tent with spin and statistics, since they are spinors in the two-dimensional 
sense. Consistency with spin and statistics in D = 10 dimensions is also 
achieved, though that is less obvious at this point. 

As was discussed in Chapter 2, the action for the bosonic string in con- 
formal gauge is (for a’ = 1/2 or T = 1/7) 


1 
OS i Bog X,0°X", (4.1) 


and this needs to be supplemented by Virasoro constraints. This is a free 
field theory in two dimensions. To generalize this action, let us introduce ad- 
ditional internal degrees of freedom describing fermions on the world sheet. 
Concretely, one can incorporate D Majorana fermions that belong to the 
vector representation of the Lorentz group SO(D — 1,1). In the represen- 
tation of the two-dimensional Dirac algebra described below, a Majorana 
spinor is equivalent to a real spinor. The desired action is obtained by 
adding the standard Dirac action for D free massless fermions to the free 
theory of D massless bosons 


S= -— J Po (3aX 3 X" + Vp ap) - (4.2) 


Here p“, with a = 0,1, represent the two-dimensional Dirac matrices, which 
obey the Dirac algebra? 


Tar p y= n (4.3) 


To be explicit, let us choose a basis in which these matrices take the form 


p = ({ a and p= G a . (4.4) 


Classically, the fermionic world-sheet field Y” is made of Grassmann num- 
bers, which implies that it satisfies the anticommutation relations 


{4 y} = 0. (4.5) 


2 A Dirac algebra is known to mathematicians as a Clifford algebra. In GSW the definition of 
p® differed by a factor of i and the anticommutator was —27%?. As a result, some signs differ 
from those of GSW in subsequent formulas. 
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This changes after quantization, of course. 
The spinor 7“ has two components yh, A = +, 





A 

Me . 4.6 

w= (fe oe 

Here, and in the following, we define the Dirac conjugate of a spinor as 
p=¥'B, B=ip®, (4.7) 


which for a Majorana spinor is simply YT 8. Since the Dirac matrices are 
purely real, Eq. (4.4) is a Majorana representation, and the Majorana spinors 
w" are real (in the sense appropriate to Grassmann numbers) 


yy =p, and pray. (4.8) 


In this notation the fermionic part of the action is (suppressing the Lorentz 
index) 





S= + f do (W040 + WOW), (4.9) 





where 0+ refer to the world-sheet light-cone coordinates o* introduced in 





Chapter 2. The equation of motion for the two spinor components is the 
Dirac equation, which now takes the form 


On = 0 and Ow, = 0. (4.10) 


These equations describe left-moving and right-moving waves. For spinors 


in two dimensions, these are the Weyl conditions. Thus the fields p+ are 
3 





Majorana—Wey] spinors. 





EXERCISES 





EXERCISE 4.1 
Show that one can rewrite the fermionic part of the action in Eq. (4.2) in 
the form in Eq. (4.9). 


SOLUTION 


Taking 04 = $(O + 0,) and the explicit form of the two-dimensional Dirac 








3 Group theoretically, they are two inequivalent real one-dimensional spinor representations of 
the two-dimensional Lorentz group Spin(1, 1). 
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matrices (4.4) into account, one obtains 


a9 = 0 O1 a Oo ~9 0 —O_ 
P ~ (a + 0 7 O+ 0 ` 
From the definition Y% = ylip?, it follows that % = i(Yy4,—ọY—). The action 
in Eq. (4.9) is then obtained after carrying out the matrix multiplication. 














4.2 Global world-sheet supersymmetry 


The action in Eq. (4.2) is invariant under the infinitesimal transformations 
OX" = Eye, (4.11) 
Ou = po OnX"s; (4.12) 


where € is a constant infinitesimal Majorana spinor that consists of anti- 
commuting Grassmann numbers. Writing the spinors in components 


c= (=) (4.13) 


the supersymmetry transformations take the form 


6X" = ife” — e_y4), (4.14) 
ypt = —20_X "e4, (4.15) 
Opt = 204 X"eL. (4.16) 


The symmetry holds up to a total derivative that can be dropped for 
suitable boundary conditions. Since £ is not dependent on o and 7, this is 
a global symmetry of the world-sheet theory.4 The supersymmetry trans- 
formations (4.11) mix the bosonic and fermionic world-sheet fields. This 
fermionic symmetry of the two-dimensional RNS world-sheet action was 
noted by Gervais and Sakita in 1971 at about the same time that the four- 
dimensional super-Poincaré algebra was introduced by Golfand and Likht- 
man in the Soviet Union. Prior to these works, it was believed to be impossi- 
ble to have a symmetry that relates particles of different spin in a relativistic 
field theory. 

4 This is the world-sheet theory in conformal gauge. There is a more fundamental formulation 


in which the world-sheet supersymmetry is a local symmetry. In conformal gauge it gives rise 
to the theory considered here. 
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Superspace 


Exercise 4.2 shows that the action (4.2) is invariant under the supersym- 
metry transformations. The supersymmetry of component actions, such as 
this one, is not manifest. The easiest way to make this symmetry mani- 
fest is by rewriting the action using a superspace formalism. Superspace is 
an extension of ordinary space-time that includes additional anticommuting 
(Grassmann) coordinates, and superfields are fields defined on superspace. 
The superfield formulation entails adding an off-shell degree of freedom to 
the world-sheet theory, without changing the physical content. This has the 
advantage of ensuring that the algebra of supersymmetry transformations 
closes off-shell, that is, without use of the equations of motion. 

The superfield formulation is very convenient for making supersymme- 
try manifest (and simplifying calculations) in theories that have a relatively 
small number of conserved supercharges. The number of supercharges is 
two in the present case. When the number is larger than four, as is neces- 
sarily the case for supersymmetric theories when the space-time dimension 
is greater than four, a superfield formulation can become very unwieldy or 
even impossible. 

The super-world-sheet coordinates are given by (o%, 04), where 


PA a (4.17) 


are anticommuting Grassmann coordinates 
{94,0B} = 0, (4.18) 


which form a Majorana spinor. Upper and lower spinor indices need not be 
distinguished here, so 64 = 04. Frequently these indices are not displayed. 


For the usual bosonic world-sheet coordinates let us define o? = 7 and 
al =o. One can then introduce a superfield Y“(o%, 0). The most general 
such function has a series expansion in 0 of the form 
- 1. 
Y" (0%, 0) = X" (0%) + 0y” (0%) + 300 B"(a*), (4.19) 


where B#(o®) is an auxiliary field whose inclusion does not change the 
physical content of the theory. This field is needed to make supersymmetry 
manifest. A term with more powers of 0 would automatically vanish as a 
consequence of the anticommutation properties of the Grassmann numbers 
64. Since Yð = Ow for Majorana spinors, a term linear in @ would be 
equivalent to the linear term in 6 appearing above. 
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The generators of supersymmetry transformations of the super-world- 
sheet coordinates, called supercharges, are 

fô) 
0A 


The world-sheet supersymmetry transformations given above can be ex- 


Qa = — (p°0) Ada. (4.20) 


pressed in terms of Qa. Acting on superspace, €Q generates the transfor- 
mations 


60° = [EQ, 0°] =e", (4.21) 
ôo“ = [EQ, 7] = —Ep%0 = 0p°e, (4.22) 


of the superspace coordinates. In this way a supersymmetry transforma- 
tion is interpreted as a geometrical transformation of superspace (see Exer- 
cise 4.3). The supercharge Q acts on the superfield according to 


SY! = [EQ, Y"] = EQY". (4.23) 


Expanding this equation in components and using the two-dimensional Fierz 
transformation 


7 a & 
040g = — oABecdc, (4.24) 


one gets the supersymmetry transformations 


SX! = Ey", (4.25) 
Syl! = p°d,X"e + B'e, (4.26) 
SB! = Ep% ða". (4.27) 


The first two formulas reduce to the supersymmetry transformations in 
Eqs (4.11) and (4.12), which do not contain the auxiliary field B”, if one 
uses the field equation BY = 0. 

The action can be written in superfield language using the supercovariant 
derivative 


Da + (p°0) 40a. (4.28) 


o oO 
~ 004 
Note that {D4, QB} = 0, and therefore the supercovariant derivative D4® 
of an arbitrary superfield ® transforms under supersymmetry in the same 
way as ® itself. The desired action, written in terms of superfields, is 


S= = i @od20DY" DY,,. (4.29) 
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The definition of integration over Grassmann coordinates is described be- 
low. It has the property that the 0 integral of a @ derivative is zero. This 
superspace action has manifest supersymmetry, since the variation gives 


5S = x / @od20EQ(DY"DY,). (4.30) 


Both terms in the definition of Q give total derivatives: one term is a total 
o® derivative and the other term is a total 04 derivative. Depending on 
the ø boundary conditions the world-sheet supersymmetry can be broken 
or unbroken. Both cases are of interest. There are no boundary terms 
associated with the Grassmann integrations. 

The superspace formula for the action can be written in components by 
substituting the component expansion of Y and carrying out the Grassmann 
integrations. The basic rule for Grassmann integration in the case of a single 
coordinate is 


J Aa 308) =P (4.31) 


In the present case there are two Grassmann coordinates, and the only 
nonzero integral is 


fè 60 = —2i. (4.32) 


The component form of the action can be derived by using this rule as well 
as the expansions 


T- 
DY" = 4" + OB! + p°OOqX" — 780p Do", (4.33) 
_ z = lza 7 
DY" =! + B — Ba X" p” + 500a ph. (4.34) 
One finds 
1 Gi 
SS J Bo (Da XpO°X" + pH pathy, — ByB") . (4.35) 


This action implies that the equation of motion for BY is BY = 0, as was 
asserted earlier. As a result, the auxiliary field B“ can be eliminated from 
the theory leaving Eq. (4.2). The price of doing this is the loss of manifest 
supersymmetry as well as off-shell closure of the supersymmetry algebra. 
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EXERCISES 





EXERCISE 4.2 
Verify that the action (4.2) is invariant under the supersymmetry transfor- 
mations (4.11) up to a total derivative. 


SOLUTION 


Suppressing Lorentz indices, it is straightforward to vary the action 





S == | @o(20,X0_X + iy apy- + iv,0_y4). 


The terms proportional to € are 





is = Sey | do (Oy O_X + 04X0_w_ — -Xð y- + W_040_X) & 0. 


The equivalence to 0 is a consequence of the fact that the integrand is a 











total derivative. The terms proportional to e— work in a similar manner. 





EXERCISE 4.3 

Show that the commutator of two supersymmetry transformations (4.11) 
amounts to a translation along the string world sheet by evaluating the 
commutators [61,62] X” and [61, ôo] Y”. 


SOLUTION 
Using the supersymmetry transformations 
OX” = EY, Yt = pO Xe, 
we first compute the commutator acting on the fermionic field 


[6215 eo] YF = Se, (deo YF) — bey (be, YF) = bey (P%OaX"E2) — eq (0° OaX"E1) 


= P2002, X” — p~E10aðe, X” = p% (E281 — €1E2)Oa". 


Using the spinor identity €281 —€1&2 = —€1ppge2p" and the anticommutation 
relations of the Dirac matrices, this becomes 


—€1 pge2p*p? aw" = —2€1p%e20a" + E1pper2p” pay". 
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The first term is interpreted as a translation by the amount 


a® = —281 peo. 
Note that this is an even element of the Grassmann algebra, but not an 
ordinary number. So the notion of translation has to be generalized in this 
way. The second term vanishes using the equation of motion p°0,y" = 0. 
This is what we are referring to when we say that the algebra only closes 
on-shell. When the auxiliary field is included, one achieves off-shell closure 
of the algebra. 

The commutator acting on the bosonic field can be computed in a similar 
way 


[ðc , ôe] X” = E02, Y” — E1 ôe Y” = —221p%E20a X", 


where we have used the identity &1p%£2 = —E2p%e,. This is a translation by 
the same a® as before. oO 





EXERCISE 4.4 
Use the supersymmetry transformation for the superfield (4.23) to derive 
the supersymmetry transformation for the component fields (4.25)—(4.27). 


SOLUTION 
The supersymmetry variation of the superfield is 

OY" = [EQ, Y"(o,0)| = EQY” (0,0), 
where 


QA = =z — (0°O) Ada. 


So we obtain 
6Y"(o,0) =E4Q4 (xo) + 0y” (o) + 560B"(o) 
= yh (a) — €4(p%0) Ag X"(o) + €404BM (a) — €4(p%0) 10? aawo) 


= Eyt (o) + 0p%cða X" (0) + eB” (a) + 060" Aaw!"(0). 


From here we can read off the supersymmetry transformations for the com- 





ponent fields by matching the different terms in the 0 expansion. o 


118 Strings with world-sheet supersymmetry 


EXERCISE 4.5 
Derive the component form of the action in Eq. (4.35) from the superspace 
action in Eq. (4.29). 


SOLUTION 


The supercovariant derivatives acting on superfields DY“ and DY™ are given 
in Eqs (4.33) and (4.34). We now multiply these expressions and substitute 
into Eq. (4.29). Since only terms quadratic in 0 survive integration, the 
nonzero terms in Eq. (4.29) are 


s= e / dodo (op a,00 + BY B00 — p° 0a X" p 008X) l 
The last term simplifies according to 
6p" 3a X" p008 X, = O° X" 3x X 00. 


Therefore, by using Eq. (4.32) one obtains Eq. (4.35) for the component 





action. o 


4.3 Constraint equations and conformal invariance 


Let us now proceed as in Chapter 2. From the equations of motion we 
can derive the mode expansion of the fields and use canonical quantization 
to construct the spectrum of the theory. The problem of negative-norm 
states appears also in the supersymmetric theory. Recall that in the case 
of the bosonic string theory the spectrum seemed to contain negative-norm 
states, but these were shown to be unphysical. Specifically, in Chapter 2 it 
was shown that the negative-norm states decouple and Lorentz invariance 
is maintained for D = 26. The RNS string has a superconformal symmetry 
that allows us to proceed in a similar manner. The negative-norm states 
are eliminated by using the super-Virasoro constraints that follow from the 
superconformal symmetry in the critical dimension D = 10. Alternatively, 
one can use it to fix a light-cone gauge and maintain Lorentz invariance for 
D= 10. 

In order to discuss the appropriate generalization of conformal invari- 
ance for the RNS string, let us start by constructing the conserved cur- 
rents associated with the global symmetries of the action. These are the 
energy-momentum tensor (associated with translation symmetry) and the 
supercurrent (associated with supersymmetry). In particular, the energy- 
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momentum tensor of the RNS string is 
1 - 1- 
Tag = ba X" gX u + qv Popty + qv Poa Py — (trace). (4.36) 


The conserved current associated with the global world-sheet supersymme- 
try of the RNS string is the world-sheet supercurrent. It can be constructed 
using the Noether method. Specifically, taking the supersymmetry parame- 
ter £ to be nonconstant, one finds that up to a total derivative the variation 
of the action (4.2) takes the form 


R i Po(One)J*, (4.37) 
where 
J3 = -Z (0% py) adpX*. (4.38) 
This current satisfies 
(Pa) ABIB = 0 (4.39) 


as a consequence of the identity papp% = 0. This is the analog of the 
tracelessness of the Tag. In fact, it can be traced back to local super-Weyl 
invariance in the formalism with local world-sheet supersymmetry. As a 
result, JG has only two independent components, which can be denoted J+ 
and J_. 

Written in terms of world-sheet light-cone coordinates, the nonzero com- 
ponents of the energy-momentum tensor in Eq. (4.36) are 


i 


a 
T__ = 8_X,0_X" + Wop, (4.41) 
Similarly, the nonzero components of the supercurrent in Eq. (4.38) are 
J4 — Wi OLX, and j= UO Kos (4.42) 


The supercurrent (4.38) is conserved, aJ% = 0, as a consequence of the 
equations of motion, which leads to 


OS, = OJ a 0. (4.43) 


The energy-momentum tensor satisfies analogous relations 





These relations follow immediately from the equations of motion 6+0- X” = 
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0 and 0,w" = ðY = 0. However, the requirements of superconformal 
symmetry actually lead to stronger conditions than these, namely the van- 
ishing of the supercurrent and the energy-momentum tensor. 

In order to quantize the theory, one can introduce canonical anticommu- 
tation relations for the fermionic world-sheet fields 


{wh (o, T) Va(o", T)} = mn” aglo — 0’) (4.45) 


in addition to the commutation relations for the bosonic world-sheet fields 
X!(o,T) given in Chapter 2. Because n°? = —1, there are negative-norm 
states that originate from the time-like fermion w° in the same way as for 
the time-like boson X°. These must not appear in the physical spectrum, if 
one wants a sensible causal theory. 

Once again there is sufficient symmetry to eliminate the unwanted negative- 
norm states. In the case of the bosonic theory the conditions T,_ = T_4 =0 
followed from Weyl invariance, while 7,4 = T__ = 0 followed from the equa- 
tions of motion for the world-sheet metric. The latter conditions were shown 
to imply conformal invariance. This symmetry could be used to choose the 
light-cone gauge, which gives a manifestly positive-norm spectrum in the 
quantum theory. Let us try to follow the same steps in the RNS case. 

The first step is to formulate the constraint equations that can be used to 
eliminate the time-like components of Y” and X#. In the bosonic case the 
time-like component was eliminated in 26 dimensions by using the Virasoro 
constraints T}} = T__ = 0. In the supersymmetric case it is natural to 
try the same procedure again and to eliminate the time-like components 
by using suitably generalized Virasoro conditions. In the RNS theory the 
corresponding conditions are 





Jy =J-=T}4 =T =0. (4.46) 








One way of understanding this is in terms of the consistency with the al- 
gebra of the currents. However, a deeper understanding can be achieved 
by starting from a world-sheet action that has local supersymmetry. This 
can be constructed by gauging the world-sheet supersymmetry by introduc- 
ing a world-sheet Rarita—Schwinger gauge field, in addition to a world-sheet 
zweibein, which replaces the world-sheet metric for theories with spinors. 
The formulas are given in Section 4.3.4 of GSW. Just as the equations of 
motion of the metric in conformal gauge give the vanishing of the energy— 
momentum tensor, so the equations of motion of the Rarita—Schwinger field 
give the vanishing of the supercurrent. 
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EXERCISES 





EXERCISE 4.6 
Verify the form of the energy-momentum tensor in Eqs (4.40) and (4.41). 


SOLUTION 


These conserved currents should be a consequence of the world-sheet trans- 
lation symmetry of the action 





S == fo (20.X-0_X +iv Oy + iby OW) 


derivable by the Noether method. An infinitesimal translation is given by 
6X = a°ðaX and ypa = a%ðapa. We focus here on 6,X = at0,X and 
ô Ya = atya, since the a~ transformations work in exactly the same 
way. 


64 (204X -O_X + ip- - O,p_ + iy - O_-V+) 








= a* (—20_(O4X - 34X) + 104 (Y+ - O_-W+) — ið- (Y+ - O44) 
up to a total derivative. Identifying this with 
—2a* (@_T,,+04,T_+) 
gives the desired result 
a 
Ty4 = 04X -04X + z+: Opt. 


It also appears to give T_, = — hy -0_w~+. However, this vanishes by an 
equation of motion. Similarly, the a~ variation leads to 


T-X 5 Ow. 





EXERCISE 4.7 
Verify the form of the supercurrent in Eq. (4.42). 


SOLUTION 


The method is the same as in the previous exercise. This time we want 
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to find the currents associated with the supersymmetry transformations in 
Eqs (4.14)-(4.16). It is sufficient to consider the e— transformations, since 
the £ ones work in an identical way. Therefore, we consider 


OR os rome hee 


dw = —-20,X"e_ and d_pt =0. 


Using these rules, 





ô (20,X -O_X +i -oY + ivy -0 w+) = —4ie_O_(W4 -04X) 


up to a total derivative. Thus, choosing the normalization appropriately, 
this shows that J, = Y+ 4X. Similarly, the expression J_ = w_-0_X is 
obtained by considering an £4 transformation. 














4.4 Boundary conditions and mode expansions 


The possible boundary conditions and mode expansions for the bosonic fields 
X" are exactly the same as for the case of the bosonic string theory, so that 
discussion is not repeated here. 

Suppressing the Lorentz index pu, the action for the fermionic fields y” in 
light-cone world-sheet coordinates is 





S~ f Pow +p- + 40_Y4). (4.47) 


By considering variations of the fields w+ one finds that the action is sta- 





tionary if the equations of motion (4.10) are satisfied. The boundary terms 
in the variation of the action, 





iS ~ | ar (60 hie Sue a ane: CbA8) 


must also vanish. There are several ways to achieve this, which are discussed 
in the next two subsections. 


Open strings 


In the case of open strings the two terms in (4.48), corresponding to the two 
ends of the string, must vanish separately. This requirement is satisfied if 
at each end of the string 





yh = +y". (4.49) 
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The overall relative sign between 7 and wt is a matter of convention. 
Therefore, without loss of generality, one can choose to set 


wD le = Y” |o=0. (4.50) 


The relative sign at the other end then becomes meaningful, and there are 
two possible cases: 


Ramond boundary condition: In this case one chooses at the second end 
of the string 


Yf loam = YË lo=n- (4.51) 


As is shown later, Ramond (or R) boundary conditions give rise to space- 
time fermions. The mode expansion of the fermionic field in the R sector 
takes the form 


wt (aT) -I i oy (4.52) 
Vile 

plo, T) = 5 `> die ae). (4.53) 
neZ 


The Majorana condition requires these expansions to be real, and hence 
d”, = d1. The normalization factor is chosen for later convenience. 

Neveu-Schwarz boundary condition: This boundary condition corresponds 
to choosing a relative minus sign at the second end of the string, namely 


Pe lo=m = —We loan. (4.54) 


As is shown later, Neveu-Schwarz (or NS) boundary conditions give rise 
to space-time bosons. The mode expansion in the NS sector is 


5O petto) (4.55) 


reEZ4+1/2 


Elo = 
pe ( 5 


Yh (oT == yo leery: (4.56) 


re€Z+1/2 


In the following, the letters m and n are used for integers while r and s 
are used for half-integers, that is, 


1 
m,nEZ while rsE€Zt+ ry (4.57) 
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Closed strings 


Closed-string boundary conditions give two sets of fermionic modes, cor- 
responding to the left- and right-moving sectors. There are two possible 
periodicity conditions 





plo) = ypo +T), (4.58) 


each of which makes the boundary term vanish. The positive sign in the 











above relation describes periodic boundary conditions while the negative 
sign describes antiperiodic boundary conditions. It is possible to impose 
the periodicity (R) or antiperiodicity (NS) of the right- and left-movers 
separately. This means that, for the right-movers, one can choose 


T) = y ees) or wr ( (o, T) aS bre~? T— a). 


nEZ reZ+1/2 
(4.59) 
while for the left-movers one can choose 


wt (o,7) J. dte Sere) or pilo, T) = 5 ple errr), 
neZ reEZ+1/2 
(4.60) 
Corresponding to the different pairings of the left- and right-movers there 
are four distinct closed-string sectors. States in the NS—NS and R-R sectors 
are space-time bosons, while states in the NS—R and R-NS sectors are space- 
time fermions. 


4.5 Canonical quantization of the RNS string 


The modes in the Fourier expansion of the space-time coordinates satisfy 
the same commutation relations as in the case of the bosonic string, namely 


la an] = Mom+non”. (4.61) 


For the closed string there is again a second set of modes G}). 

The fermionic coordinates obey the free Dirac equation on the world 
sheet. As a result, the canonical anticommutation relations are those given 
in Eq. (4.45), which imply that the Fourier coefficients satisfy 


AD cas fa and {dh dn} = N” fm+n.0- (4.62) 


Since the space-time metric appears on the right-hand side in the above com- 
mutation relations, the time components of the fermionic modes give rise to 
negative-norm states, just like the time components of the bosonic modes. 
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These negative-norm states are decoupled as a consequence of the appro- 
priate generalization of conformal invariance. Specifically, the conformal 
symmetry of the bosonic string generalizes to a superconformal symmetry 
of the RNS string, which is just what is required. 

The oscillator ground state in the two sectors is defined by 


Hp Oe tee ao (4.63) 
and 
ah |0)ns = 6f|0)ng = 0 for m,r > 0. (4.64) 


Excited states are constructed by acting with the negative modes (or raising 
modes) of the oscillators. Acting with the negative modes increases the 
mass of the states. In the NS sector there is a unique ground state, which 
corresponds to a state of spin 0 in space-time. Since all the oscillators 
transform as space-time vectors, the excited states that are obtained by 
acting with raising operators are also space-time bosons. 

By contrast, in the R sector the ground state is degenerate. The operators 
dý can act without changing the mass of a state, because they commute 
with the number operator N, defined below, whose eigenvalue determines 
the mass squared. Equation (4.62) tells us that these zero modes satisfy the 
algebra 


{di db} = nt. (4.65) 
Aside from a factor of two, this is identical to the Dirac algebra 
ITED ES 2n; (4.66) 


As a result, the set of ground states in the R sector must furnish a represen- 
tation of this algebra. This means that there is a set of degenerate ground 
states, which can be written in the form |a), where a is a spinor index, such 
that 

Loy 
Ja talb) (4.67) 


Hence the R-sector ground state is a space-time fermion. Since all of the 


dola) = 


oscillators (a and dh) are space-time vectors, and every state in the R 
sector can be obtained by acting with raising operators on the R-sector 
ground state, all R-sector states are space-time fermions. 
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Super- Virasoro generators and physical states 


The super-Virasoro generators are the modes of the energy-momentum ten- 
sor Tg and the supercurrent JG. For the open string they are given by 
T 


1 f 
Im== | dol’? Te = L® + LW, (4.68) 


T Jr 


e The contribution coming from the bosonic modes is 
1 
L® = 5 5 A-n Amni me Z. (4.69) 
neZ 
e The contribution of the fermionic modes in the NS sector is 
m 
=: 5 (r ES =) bp bmar: me, (4.70) 
reEZ4+1/2 


The modes of the supercurrent in the NS sector are 


Q [T 1 
Gr = v2 doe” J} = Se Qn br4n reEZ+-+. (4.71) 
A aes 2 
neZ 
The operator Lo can be written in the form 
1 
Lo = 500 +N, (4.72) 


where the number operator N is given by 


N= as, -Qn + ` rb_» + Dp. (4.73) 
n=1 r=1/2 


As in the bosonic theory of Chapter 2, the eigenvalue of N determines the 
mass squared of an excited string state. 
e In the R sector 


Li!) = ; y (n 4: =) orta ame Z, (4.74) 
neZ 


while the modes of the supercurrent are 


eee 


T 


Fm doe J} = ` Qn ` dm+n m EZ. (4.75) 


ot nea 


Note that there is no normal-ordering ambiguity in the definition of Fo. 
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The algebra satisfied by the modes of the energy-momentum tensor and 
supercurrent can now be determined. For the modes of the supercurrent in 
the R sector one obtains the super-Virasoro algebra 


D 
[Lm, Ln] Si) a git mings (4.76) 

D > 
{Fm, Fa} = 2Lm+n + p Ôm+n,0, (4.78) 

while in the NS sector one gets the super-Virasoro algebra 
D 
[Lm, Ln] = (m — n)Lm4n + gyom — 1)dmino, (4.79) 
e A E (Z a r) Gite. (4.80) 
D 1 

{Gr, Gs} — 2Epis + p (7 = 5) Ör+s,0- (4.81) 


When quantizing the RNS string one can only require that the positive 
modes of the Virasoro generators annihilate the physical state. So in the NS 
sector the physical-state conditions are 


Gl) =0 r>0, (4.82) 
Lml¢)=0 m>0, (4.83) 
(Lo — ans)|¢) = 0. (4.84) 


The last of these conditions implies that a’/M? = N — ans, where M is 
the mass of a state |¢) and N is replaced by its eigenvalue for this state. 
Similarly, in the R sector the physical-state conditions are 


Riga’ ae, (4.85) 
Ll?) =0 m>0, (4.86) 
(Lo — ar)|ġ) = 0. (4.87) 


In the above formulas ang and apg are constants introduced to allow for a 
normal-ordering ambiguity, which must be determined. In fact, the value 
ar = 0 in the R sector is immediately deduced from the identity Lo = F 
and the Fo equation. The Fo equation can be written in the form 
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(ers Ey ant tins on)) =O (4.88) 


This is a stringy generalization of the Dirac equation, known as the Dirac- 
Ramond equation. 





EXERCISES 





EXERCISE 4.8 

Verify that the Fo constraint can be rewritten as the Dirac-Ramond equation 
(4.88), as stated above. 

SOLUTION 

Since 


1 
C= alse, dj = —I* 


oils 


and 


Fo = 5 T E TOS aaa diated, 


n=— o0 n=1 














the equation Fo|¢) = 0 takes the form given in Eq. (4.88). 


EXERCISE 4.9 
Verify that the NS sector super-Virasoro generators L1, Lo, L-1, G_1/2 and 
G1 /2 form a closed superalgebra. 


SOLUTION 


It is easy to see from inspection of the NS sector super- Virasoro algebra given 
in Eqs (4.79)—(4.81) that the commutation and anticommutation relations 
of these operators give a closed superalgebra. In particular, they imply 
that Gir = 3{G1/2,Gio} = Li and Gig = 5{G_1/2,G_1/2} = Laj: The 
name of this superalgebra with three even generators and two odd generators 
is SU(1,1|1) or OSp(1|2). 
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Absence of negative-norm states 


As in the discussion of the bosonic string in Chapter 2, there are specific 
values of a and D for which additional zero-norm states appear in the spec- 
trum. The critical dimension turns out to be D = 10, while the result for a 
depends on the sector: 


1 
ans = 5 and an =Q. (4.89) 


As before, the theory is only Lorentz invariant in the light-cone gauge if ans, 
ag and D take these values. 

Let us consider a few simple examples of zero-norm spurious states. Recall 
that these are states that are orthogonal to physical states and decouple from 
the theory even though they satisfy the physical state conditions. 


e Example 1: Consider NS-sector states of the form 


lp) = G_1/2|x); (4.90) 


with |x) satisfying the conditions 


1 
Gih) = Gaah = (Zo-ans+5) x)=. (491) 


The last of these conditions is equivalent to (Lo — ang)|¢) = 0. To ensure 
that |) is physical, it is therefore sufficient to require that Gy/2|~) = 
G3/2|\) = 0. The G37 condition is an immediate consequence of the 
corresponding conditions for |v). So only the G;/2 condition needs to be 
checked: 


Gyj2lv) = Gy /2G_1/2|x) = (2L9 — G_1/2G1/2)|x) = (2ans—1)|x). (4-92) 


Requiring this to vanish gives ang = 1/2. This choice gives a family of 
zero-norm spurious states |V}. Such a state satisfies the conditions for a 
physical state with ang = 1/2. Moreover, |y) is orthogonal to all physical 
states, including itself, since 


(al) = (alG_ayalx) = (xl@i/2la)* = 0, (4.93) 


for any physical state |a}. Therefore, for ang = 1/2 these are zero-norm 
spurious states. 

e Example 2: Now let us construct a second class of NS-sector zero-norm 
spurious states. Consider states of the form 


lp) = (G_3/2 le AG_1/2L-1) Ix). (4.94) 
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Suppose further that the state |) satisfies 
Gi /2lx) = G3/2lx) = (Lo + L)|x) = 0. (4.95) 


The Lo condition incorporates the previous result, a = 1/2. Using the 
super-Virasoro algebra one can compute the following relations: 


Grj2lv) = (2— A) Lax), (4.96) 


G3/2\b) = (D—2—-4A)|x), (4.97) 


which have to vanish if |=) is a physical state. Therefore, by the same 
reasoning as in the previous example, one concludes that |) is a zero- 
norm spurious state if A = 2 and D = 10. 

e Example 3: It was already explained that ap = 0 in the R sector as a 
consequence of Re = Lọ. It is possible to construct a family of zero-norm 
spurious states to confirm the choice D = 10 in this sector. Such a set of 
zero-norm states can be built from R-sector states of the form 


|b) = FoF_a|x), (4.98) 

where 
Fi|x) = (Lo + 1)|x) = 0. (4.99) 
This state satisfies Fo|7) = 0. If it is also annihilated by L1, then it is a 


physical state with zero-norm. It is easy to check that 


Lily) = (GF + Fola)F-alx) = 5(D — 10). (4.100) 


This vanishes for D = 10 giving us another family of zero-norm spurious 
states for this space-time dimension. 


4.6 Light-cone gauge quantization of the RNS string 


As in the case of the bosonic string, after gauge fixing there is a residual 
symmetry that can be used to impose the light-cone gauge condition 


Xt(o,7) =at + ptr. (4.101) 


This is true for the RNS string as well. Moreover, there is also a residual 
fermionic symmetry that can be used to set? 


ot (a,7) =0, (4.102) 


5 This formula is correct in the NS sector. In the R sector one should keep the zero mode, which 
is a Dirac matrix. 
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at the same time. Because of the Virasoro constraint, the coordinate X~ is 
not an independent degree of freedom in the light-cone gauge (except for its 
zero mode). The same is true for ~~ when the RNS theory is analyzed in 
light-cone gauge. Therefore, all the independent physical excitations are ob- 
tained in light-cone gauge by acting on the ground states with the transverse 
raising modes of the bosonic and fermionic oscillators. 


Analysis of the spectrum 


This subsection describes the first few states of the open string in the light- 
cone gauge. Remember that the fermionic fields have two possible boundary 
conditions, giving rise to the NS and R sectors. 


The Neveu-Schwarz sector 


Recalling that ang = 1/2, the mass formula in the NS sector is 


co OO 

ee 7 oe. of 

a! M? = So at ,al, + `> rb „b. — 5 (4.103) 
n=1 r=1/2 


The first two states in this sector are as follows: 


e The ground state is annihilated by the positive lowering modes, that is, 
it satisfies 


a |0;k)ng =01|0;k)ng =O for nr>O0 (4.104) 
and 
ab |0; k)ng = V 2a’k"|0; kyns. (4.105) 


The ground state in the NS sector is a scalar in space-time. From the 
mass formula it becomes clear that the mass m of the NS-sector ground 
state is given by 


a! M? = —-, (4.106) 


As a result, the ground state of the RNS string in the NS sector is once 
again a tachyon. The next subsection describes how this state is elimi- 
nated from the spectrum. 

e In order to construct the first excited state in the NS sector, one acts with 
the raising operators having the smallest associated frequency, namely 


b 


aye on the ground state 


bY 1/210; k)Ns. (4.107) 
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Since this is in light-cone gauge, the index 7 labels the D—2 = 8 transverse 


directions. The operator b? raises the value of a’ M? by r units, whereas 
? m would raise it by m (a positive integer) units. This is the reason 
i 

—1/2 
operator is a transverse vector in space-time. Since it is acting on a bosonic 


a 
why the first excited state is built by acting with a b operator. This 
ground state that is a space-time scalar, the resulting state is a space-time 
vector. Note that there are eight polarization states, as required for a 
massless vector in ten dimensions. Using the same reasoning as for the 
bosonic string, one can use this state in order to independently determine 
the value of ans. Indeed, since the above state is a space-time vector of 
SO(8) it must be massless. In general, its mass is given by 


1 
al M? = 5 T Ons- (4.108) 
So requiring that this state is massless, as required by Lorentz invariance, 
once again gives ang = 1/2. 


The Ramond sector 


In the light-cone gauge description of the R sector the mass-shell condition 
is 


co co 
a! M? = D at „ab + > nd pd. (4.109) 
n=1 n=1 


In this sector the states are as follows: 
e The ground state is the solution of 


a |0; k)r = d$ l0;kjR =0 for n>Q0, (4.110) 


as well as the massless Dirac equation. The states have a spinor index that 
is not displayed. As was discussed above, the solution of these equations is 
not unique, since the zero modes satisfy the ten-dimensional Dirac algebra. 
Thus the solution to these constraints gives a Spin(9,1) spinor. The 
operation of multiplying with d} is then nothing else than multiplying 
with a ten-dimensional Dirac matrix, which is a 32 x 32 matrix. Therefore, 
the ground state in the R sector is described by a 32-component spinor. 
In ten dimensions spinors can be restricted by Majorana and Weyl 
conditions. The Majorana condition is already implicit, but the possibility 
of Weyl projection goes beyond what has been explained so far. Taking 
this into account, there are two alternative ground states corresponding to 
the two possible ten-dimensional chiralities. One could also imagine that 
both chiralities are allowed, though that turns out not to be the case. This 
is not the whole story, since the Dirac-Ramond equation (4.88) must also 
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be solved. For the ground state, the excited oscillators do not contribute, 
and so this reduces to the massless Dirac equation. Solving this eliminates 
half of the components of the Spin(9, 1) spinor leaving a Spin(8) spinor. 
Thus in the end, the minimal possibility for a Ramond ground state has 
eight physical degrees of freedom corresponding to an irreducible spinor 
of Spin(8). This choice, rather than an R-sector ground state consisting 
of more degrees of freedom, turns out to be necessary. 

e The excited states in the R sector are obtained by acting with at „ or 
di 
vectors, the resulting states are also space-time spinors. The possibilities 
are restricted further by the GSO condition described below. 


n On the R-sector ground state. Since these operators are space-time 


Zero-point energies 


In Chapter 2 we learned that the parameter a in the mass-shell condition 
for the bosonic string, (Lo — a)|¢) = 0, is a = 1. The reason for this was 
traced to the fact that there are 24 transverse periodic bosonic degrees of 
freedom on the world sheet, each of which contributes a zero-point energy 
5¢(—1) = —1/24. 

The NS sector of the RNS string has ang = 1/2, which means that the 
total zero-point energy is —1/2. Of this, —8/24 = —1/3 is attributable 
to eight transverse periodic bosons. The remaining —1/6 is due to the 
eight transverse antiperiodic world-sheet fermions, each of which contributes 
—1/48. 

The R sector of the RNS string has ar = 0, which means that the to- 
tal zero-point energy is 0. The contribution of each transverse periodic 
world-sheet boson is —1/24, and the contribution of each transverse periodic 
world-sheet fermion is +1/24. The reason that these cancel is world-sheet 
supersymmetry, which remains unbroken for R boundary conditions. 

The fermionic zero-point energies deduced here can also be obtained by 
(less rigorous) zeta-function methods like that described in Section 2.5. One 
can also show that an antiperiodic boson, which was not needed here, but 
can arise in other contexts, would give +1/48. 


The GSO projection 


The previous section described the spectrum of states of the RNS string 
that survives the super-Virasoro constraints. But it is important to realize 
that this spectrum has several problems. For one thing, in the NS sec- 
tor the ground state is a tachyon, that is, a particle with imaginary mass. 
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Also, the spectrum is not space-time supersymmetric. For example, there 
is no fermion in the spectrum with the same mass as the tachyon. Un- 
broken supersymmetry is required for a consistent interacting theory, since 
the spectrum contains a massless gravitino, which is the quantum of the 
gauge field for local supersymmetry. This inconsistency manifests itself in 
a variety of ways. It is analogous to coupling massless Yang—Mills fields to 
incomplete gauge multiplets, which leads to a breakdown of gauge invari- 
ance and causality. This subsection explains how to turn the RNS string 
theory into a consistent theory, by truncating (or projecting) the spectrum 
in a very specific way that eliminates the tachyon and leads to a supersym- 
metric theory in ten-dimensional space-time. This projection is called the 
GSO projection, since it was introduced by Gliozzi, Scherk and Olive. 

In order to describe the truncation of the spectrum, let us first define an 
operator called G-parity. In the NS sector the definition is given by 





G = (—1)F+! = (-1)2r12%rh+1 (NS). (4.111) 


Note that F is the number of b-oscillator excitations, which is the world- 
sheet fermion number. So this operator determines whether a state has an 
even or an odd number of world-sheet fermion excitations. In the R sector 
the corresponding definition is 


G = Du(=1) Er En (R), (4.112) 





where 


Pie Sheri sI (4.113) 


is the ten-dimensional analog of the Dirac matrix ys in four dimensions. 
The matrix [41 satisfies 


(Tu) =1 and {Pate =Ho. (4.114) 


Spinors that satisfy 





Puy = y4 (4.115) 


are said to have positive or negative chirality. The chirality projection op- 
erators are 





pee era (4.116) 





A spinor with a definite chirality is called a Weyl spinor. 


6 This name was introduced in the original NS paper which hoped to use this theory to describe 
hadrons. This operator was identified there with the G-parity operator for hadrons. Here its 
role is entirely different. 
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The GSO projection consists of keeping only the states with a positive 
G-parity in the NS sector, that is, those states with 


(—1)*"s = -1, (4.117) 


while the states with a negative G-parity should be eliminated. In other 
words, all NS-sector states should have an odd number of b-oscillator exci- 
tations. In the R sector one can project on states with positive or negative 
G-parity depending on the chirality of the spinor ground state. The choice 
is purely a matter of convention. 

The GSO projection eliminates the open-string tachyon from the spec- 
trum, since it has negative G-parity 


G|0)ns = —|0)ns. (4.118) 


The first excited state, b /2l0)ns, on the other hand, has positive G-parity 
and survives the projection. After the GSO projection, this massless vector 
boson becomes the ground state of the NS sector. This matches nicely 
with the fact that the ground state in the fermionic sector is a massless 
spinor. This is a first indication that the spectrum could be space-time 
supersymmetric after performing the GSO projection. At this point the 
GSO projection may appear to be an ad hoc condition, but actually it is 
essential for consistency. It is possible to derive this by demanding one-loop 
and two-loop modular invariance. A much simpler argument is to note that 
it leaves a supersymmetric spectrum. As has already been emphasized, the 
closed-string spectrum contains a massless gravitino (or two) and therefore 
the interacting theory wouldn’t be consistent without supersymmetry. In 
particular, this requires an equal number of physical bosonic and fermionic 
modes at each mass level. In order to check whether this is plausible, let us 
examine the lowest-lying states in the spectrum. 

The ground state in the R sector is a massless spinor while the ground 
state in the NS sector is a massless vector. Let us compare the number of 
physical degrees of freedom. The ground state in the NS sector after the 
GSO projection is b“ g J210, k), which has only eight propagating degrees of 
freedom. This is most easily seen in the light-cone gauge, where one just 
has the eight transverse excitations b J210, k}, as was discussed earlier. This 
must match the number of fermionic degrees of freedom. 

A fermion in ten dimensions has 32 complex components, since in general 
a spinor in D dimensions would have 2P/2 complex components (when D is 
even). However, the spinors can be further restricted by Majorana and Weyl 
conditions, each of which gives a reduction by a factor of two. Moreover, in 
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ten dimensions the two conditions are compatible, so there exist Majorana- 
Weyl spinors with 16 real components.” In a Majorana representation the 
Majorana condition is just the statement that the spinor is real. Therefore, 
this restriction leaves 32 real components in ten dimensions. The Weyl con- 
dition implies that the spinor has a definite chirality. In other words, it is 
an eigenstate of the chirality operator F11. As we have said, in ten dimen- 
sions the Majorana and the Weyl conditions can be satisfied at the same 
time, and Majorana—Weyl] spinors have 16 real components. Imposing the 
Dirac equation eliminates half of these components leaving eight real com- 
ponents. This agrees with the number of degrees of freedom in the ground 
state of the NS sector. Therefore, the ground state, the massless sector, has 
an equal number of physical on-shell bosonic and fermionic degrees of free- 
dom. They form two inequivalent real eight-dimensional representations of 
Spin(8). The equality of number of bosons and fermions is a necessary, but 
not sufficient, condition for these states to form a supersymmetry multiplet. 
The proof of supersymmetry is described in the next chapter. 

It is far from obvious, but nonetheless true, that the GSO projection leaves 
an equal number of bosons and fermions at each mass level, as required 
by space-time supersymmetry. This constitutes strong evidence, but not a 
proof, of space-time supersymmetry. This is presented in the next chapter, 
which describes the Green—-Schwarz (GS) formalism. That formalism has 
the advantage of making the space-time supersymmetry manifest. 


The massless closed-string spectrum 


To analyze the closed-string spectrum, it is necessary to consider left-movers 
and right-movers. As a result, there are four possible sectors: R-R, R-NS, 
NS-R and NS-NS. By projecting onto states with a positive G-parity in the 
NS sector, the tachyon is eliminated. For the R sector we can project onto 
states with positive or negative G-parity depending on the chirality of the 
ground state on which the states are built. Thus two different theories can 
be obtained depending on whether the G-parity of the left- and right-moving 
R sectors is the same or opposite. 

In the type IIB theory the left- and right-moving R-sector ground states 
have the same chirality, chosen to be positive for definiteness. Therefore, 
the two R sectors have the same G-parity. Let us denote each of them by 
|+)r. In this case the massless states in the type IIB closed-string spectrum 


7 The rules for the possible types of spinors depend on the space-time dimension modulo 8. This 
is known to mathematicians as Bott periodicity. Thus the situation in ten dimensions is quite 
similar to the two-dimensional case discussed earlier. 
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are given by 


IHR @|+)r, (4.119) 

bt 1 /210)ns 8 b , /10)ns, (4.120) 
bt 1 /2/0)ns S |+)r, (4.121) 
|+)R ® b% 4 /9|0)ns- (4.122) 


Since |+)r represents an eight-component spinor, each of the four sectors 
contains 8 x 8 = 64 physical states. 

For the type IIA theory the left- and right-moving R-sector ground states 
are chosen to have the opposite chirality. The massless states in the spectrum 
are given by 


I-)r ®|+)r, (4.123) 

bi 1/210)ns @ b’ , /9|0)ns, (4.124) 
b° 1 /10)ns @ |+)r, (4.125) 
|-)r ® bt 479/0)ns. (4.126) 


The states are very similar to the ones of the type IIB string except that 
now the fermionic states come with two different chiralities. 

The massless spectrum of each of the type I closed-string theories contains 
two Majorana—Wey] gravitinos, and therefore they form M = 2 supergravity 
multiplets. Each of the states in these multiplets plays an important role in 
the theory. There are 64 states in each of the four massless sectors, that we 
summarize below. 


e NS-NS sector: This sector is the same for the type IIA and type IIB 
cases. The spectrum contains a scalar called the dilaton (one state), an 
antisymmetric two-form gauge field (28 states) and a symmetric traceless 
rank-two tensor, the graviton (35 states). 

e NS-R and R-NS sectors: Each of these sectors contains a spin 3/2 grav- 
itino (56 states) and a spin 1/2 fermion called the dilatino (eight states). 
In the IIB case the two gravitinos have the same chirality, whereas in the 
type IIA case they have opposite chirality. 

e R-R sector: These states are bosons obtained by tensoring a pair of 
Majorana—Wey] spinors. In the IIA case, the two Majorana—Weyl] spinors 
have opposite chirality, and one obtains a one-form (vector) gauge field 
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(eight states) and a three-form gauge field (56 states). In the IIB case the 
two Majorana—Weyl spinors have the same chirality, and one obtains a 
zero-form (that is, scalar) gauge field (one state), a two-form gauge field 
(28 states) and a four-form gauge field with a self-dual field strength (35 
states). 





EXERCISES 





EXERCISE 4.10 
Show that there are the same number of physical degrees of freedom in the 
NS and R sectors at the first massive level after GSO projection. 


SOLUTION 


At this level, the NS states have N = 3/2 and the R states have N = 1. The 
G-parity constraint in the NS sector requires there to be an odd number of 
b-oscillator excitations. In the R sector, the constraint correlates the number 
of d-oscillator excitations with the chirality of the spinor. 

Now let us count the number of physical bosonic and fermionic states that 
survive the GSO projection. On the bosonic side (the NS sector) the states 
at this level (in light-cone gauge) are 


af 4b 4/210), O abt 126% 1/210), b’ 3/210), 


which gives a total of 64 + 56 + 8 = 128 states. Since these are massive 
states they must combine into SO(9) representations. In fact, it turns out 
that they give two SO(9) representations, 128 = 44 84. On the fermionic 
side (the R sector) the states are 


at lyo), dt lyo), 


which again makes 64+ 64 = 128 states, so that there is agreement with the 
number of degrees of freedom on the bosonic side. Note that |qo) and |G) 
denote a pair of Majorana—Wey] spinors of opposite chirality, each of which 
has 16 real components. However, there are only eight physical degrees of 
freedom, because the Dirac-Ramond equation F|7) = 0 gives a factor of two 
reduction. These 128 fermionic states form an irreducible spinor representa- 
tion of S'pin(9). This massive supermultiplet in ten dimensions, consisting 
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of 128 bosons and 128 fermions, is identical to the massless supergravity 
multiplet in 11 dimensions. 














EXERCISE 4.11 
Construct generating functions that encode the number of physical degrees 
of freedom in the NS and R sectors at all levels after GSO projection. 


SOLUTION 


Let us denote the number of degrees of freedom with a’ M? = n in the NS 
and R sectors of an open superstring by dys(n) and dr(n), respectively. 
Then the generating functions are 


fys(w = Yds) w” and fr(w = dnc) 


Before GSO projection, the degeneracies in the NS sector are given by 
trwN-1/2, where N is given in Eq. (4.73), except that in light-cone gauge 
there are only transverse oscillators. The basic key to evaluating the traces 
is to use the fact that for a bosonic oscillator 


ine =1+wtw t... = 
and for a fermionic oscillator 
tr wee =l+w. 


Since there are eight transverse dimensions for D = 10, it therefore follows 


that 
1 + w™ t2 
N-1/2 _ 
trw Jz II ( I- u 


To take account of the GSO projection we need to eliminate the contribu- 
tions due to an even number of b-oscillator excitations. This is achieved by 
taking 


8 8 
1 o9 1 + w™t2 co 1 — w™- 1/2 
fns(w) = 575 II ( Leum ) Il (m 


m=1 








The analysis in the R sector works in a similar manner. In this case the 
effect of the GSO projection is to reduce the degeneracy associated with 
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zero modes from 16 to 8. Thus one obtains 


co m 8 
frw) =8 T] (=) | 
m=1 


In 1829, Jacobi proved that fys(w) = fr(w). m 








4.7 SCFT and BRST 


In the study of the bosonic string theory in Chapter 3, it proved useful 
to focus on the interpretation of the world-sheet action in the conformal 
gauge as a conformal field theory. This reasoning extends nicely to the RNS 
string, where the symmetry gets enlarged to a superconformal symmetry. 
The Euclideanized conformal-gauge bosonic string action was written (in 
units ls = V2a’ = 1) in the form 


1 E 
SS = I OX"OX dz. (4.127) 
T 
Then the holomorphic energy-momentum tensor took the form 
Sah 
n 
Tabo O= y. Ta (4.128) 
n=—0o 


The Virasoro algebra, characterizing the conformal symmetry, is encoded in 
the OPE 


i 2 rw) +——adT(w), (4129) 


TT) = oa + oop — 





where the central charge c equals D, the dimension of the space-time. 


Superconformal field theory 


The generalization of these formulas to the RNS superstring is quite straight- 
forward. The gauge-fixed world-sheet action becomes 


5 Toz EEE N” 
S matter = = | (20x"0x, + ge Ob T 50 dz, (4.130) 


where w and Ņ correspond to w+ and w_ in the Lorentzian description. 
The holomorphic energy-momentum tensor takes the form (B stands for 
bosonic) 
H lye ` En 
Te(z) = —20X"(2)OXy(2) - W(t) D> SB (4131) 


n=— o0 
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which now has central charge c = 3D/2. The conformal field %# (z) is a free 
fermion. As explained in Chapter 3, it has conformal dimension h = 1/2 


and the OPE 
a 


p(z)” (w) ~ 





. (4.132) 
z— w 
In the superconformal gauge, this theory also has a conserved h = 3/2 su- 
percurrent, whose holomorphic part is denoted Tf (z) (F stands for fermionic) 
< G 
Tp(z) = 2éb"(z)OX,(z) = y ap (4.133) 
r=—oo 
This mode expansion is appropriate to the NS sector. In the R sector Gr, 
which has half-integer modes, would be replaced by Fn, which has integer 
modes. Together with the energy-momentum tensor, which is now denoted 
Tp(z), it forms a superconformal algebra with OPE 


é Tp(w) 


Tr(z)Tr(w) ~ A(z—w)? © 2(z—w) 





oats (4.134) 


where c = 36, so that ¢ = D. One has c = 3D/2 = 15 because each bosonic 
field contributes one unit and each fermionic field contributes half a unit of 
central charge. It is convenient to use a superspace formulation involving 
a single Grassmann parameter 0. It can be regarded as a holomorphic 
Grassmann coordinate that corresponds to 04 in the Lorentzian description. 
One can then combine Tp and Tp into a single expression 





T(z,0) = Tp(z) + 6Tp(z) (4.135) 
whose OPE is 
ĉ 3012 DoT (z2, 02) O12 
T DT 69) ~ r 0 OT (z2,02)+..., 
(21, 01)T (22, 02) 1, 22, (z2, 02)+ rp ae oT (z2, 82) + 
(4.136) 
where 212 = 21 — 22 — 0102 and 612 = 6) — 02. Also, 
0 ð 
D= +0 4.137 
T 7 a 


This describes the entire superconformal algebra. Note that 012 and zy 
are invariant under the supersymmetry transformations 60; = €, 6z; = 0;E. 
A superfield ®(z,@) with components of conformal dimension h and h + i 
satisfies 


0 1 0 
T(z, 81) (z2, 02) ~ h= 8(22, 62) + — DỌ + 12 4,0 Siete at (4.138) 
Zz 2212 Z19 


12 
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BRST symmetry 


Superconformal field theory appears naturally when discussing the path- 
integral quantization of supersymmetric strings. In the quantum theory, it is 
convenient to add Faddeev—Popov ghosts to represent the Jacobian factors in 
the path integral associated with gauge fixing. Rather than discuss the path- 
integral quantization in detail, let us focus on the resulting superconformal 
field theory. 

As discussed in Chapter 3, in the bosonic string theory the Faddeev— 
Popov ghosts consist of a pair of fermionic fields b and c with conformal 
dimensions 2 and —1, respectively. These arose from gauge fixing the world- 
sheet diffeomorphism symmetry. In the case of the RNS string there is also 
a local supersymmetry on the world sheet that has been gauge-fixed, and 
as a result an additional pair of Faddeev—Popov ghosts is required. They 
are bosonic ghost fields, called 3 and y, with conformal dimensions 3/2 and 
—1/2, respectively. They have the OPE 








1 
S : 4.139 
1(2)6(w) ~ —— (4.139) 
Since these are bosonic fields, this is equivalent to 
1 
~— ; 4.140 
Bew) ~ -= (4.140) 


The gauge-fixed quantum action includes all of these fields. It is S = 
Smatter + Sghost; Where Smatter is the expression in Eq. (4.130) and 


Sshost = = / (bc + bd + BOY + BO%)d?z. (4.141) 


The fields c and y have ghost number +1, while the fields b and 8 have 
ghost number —1. The bosonic ghosts @ and y are required to have the 
same moding as the fermi field Y” — integer modes in the R sector and 
half-integer modes in the NS sector. When the factors of z7” are taken into 
account, this implies that ~“(z), G(z) and y(z) involve integer powers of z 
and are single-valued in the NS sector. whereas in the R sector they involve 
half-integer powers and are double-valued. 

The superconformal symmetry operators of this system are also given 
as the sum of matter and ghost contributions. The ghost fields give the 
following contributions: 





1 
TSO — —2b0c + côb 504 5708, (4.142) 





Tero — —2by + côp 4 5 Bac. (4.143) 
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These contribute ¢ = —10, and so the superconformal anomaly cancels for 
D=10. 

As in the case of the bosonic string theory, the quantum action has a 
global fermionic symmetry, namely BRST symmetry. In this case the trans- 
formations that leave the Lagrangian invariant up to a total derivative are 





SX! = n(cOX" — sw"), (4.144) 
1 
dwt = n(cOv" — Pde + 2iyð X"), (4.145) 
6c = n(cdc — 7°), (4.146) 
ôb = nTp, (4.147) 
1 
dy = n(côy — 319); (4.148) 
63 = Tp. (4.149) 
These transformations are generated by the BRST charge 
1 1 3 
QB = zg P (CTP + TR + bcde— Scy08 — 5cBOy by”)dz. (4.150) 
Ti 
The transformations of b and 8, in particular, correspond to the basic equa- 
tions 
{Qs, b(z)} = Tg(2) (4.151) 
and 
[Qp, 6(2)] = Tr(z). (4.152) 


As in the case of the bosonic string, the BRST charge is nilpotent, Q2 = 0, 
in the critical dimension D = 10. The proof is a straightforward analog 
of the one given for the bosonic string theory and is left as a homework 
problem. One first uses Jacobi identities to prove that KQB, Gr}, 8s] and 
[{Qp, Gr}, bm] vanish if ê= 0. This implies that {Qp,G,} cannot depend 
on the y or c ghosts. Since it has positive ghost number, this implies that it 
vanishes. It follows (using the superconformal algebra and Jacobi identities) 
that [Qp, Ln] must also vanish. Hence Qg is superconformally invariant for 
ĉ= 0. In this case [Q2, bn] = [Qp, Ln] = 0 and [Q2, 2] = {Qn, Gr} = 0, 
which implies that Q?, cannot depend on the c or y ghosts. Since it also has 
positive ghost number, it vanishes. Thus nilpotency follows from ¢ = 0. 

As aresult of nilpotency, it is again possible to describe the physical states 
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in terms of BRST cohomology classes. In the NS sector, the G, y system has 
half-integer moding, and so there is a two-fold vacuum degeneracy due to 
the zero modes bo and co, just as in the case of the bosonic string. As in that 
case, physical states are required to have ghost number —1/2. The case of 
the R sector is more subtle, because in that sector there are additional zero 
modes (9 and yo, which give rise to an infinite degeneracy. Without going 
into details, let us just give a hint about how this is handled. The degeneracy 
due to the {9-70 Fock space is interpreted as giving infinitely many equiv- 
alent descriptions of each physical state in different pictures. There is an 
integer label that characterizes the picture, and there are picture-changing 
operators that enable one to map back and forth between adjacent pictures. 
In formulating path integrals for amplitudes, there are some restrictions 
on which pictures can be used for the vertex operators that enter into the 
calculation. 





HOMEWORK PROBLEMS 





PROBLEM 4.1 

Consider a massless supersymmetric particle (or superparticle) propagating 
in D-dimensional Minkowski space-time. It is described by D bosonic fields 
X"(7) and D Majorana fermions 7“(7). The action is 


[inset <2 ; 
So = fo (5x"%, — ida 3 
(i) Derive the field equations for X#, y”. 
(ii) Show that the action is invariant under the global supersymmetry 
transformations 


1 
OXY = iey", ôy” = yok" 


where € is an infinitesimal real constant Grassmann parameter. 

(iii) Suppose that 6; and 62 are two infinitesimal supersymmetry trans- 
formations with parameters €; and £2, respectively. Show that the 
commutator [61, 62] gives a7 translation by an amount ôr. Determine 
ôr and explain why ôr is real. 


PROBLEM 4.2 
In Problem 4.1, supersymmetry was only a global symmetry, as £ did not 
depend on 7. To construct an action in which this symmetry is local, one 
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needs to include the auxiliary field e and its fermionic partner, which we 
denote by x. The action takes the form 


Pa X.X XH 7 
s= fa at: ux why) 


(i) Show that this action is reparametrization invariant, that is, it is 





invariant under the following infinitesimal transformations with pa- 
rameter €(7): 


SX =EX", St = Et, 


d d 
ĝe = a fe) ôx = a (6x): 


(ii) Show explicitly that the action is invariant under the local supersym- 
metry transformations 


1 
OX" = jew", byt = micas —ixp"ye, 


0x =6, ĝe = —ixE. 


(iii) Show that in the gauge e = 1 and y = 0, one recovers the action in 
Problem 4.1 and the constraint equations X? = 0, X -y = 0. 


PROBLEM 4.3 
Consider quantization of the superparticle action in Problem 4.1. 


(i) Show that canonical quantization gives the equal-r commutation and 
anticommutation relations 


[Xt X] =i” and {y yY} =n”. 


(ii) Explain why this describes a space-time fermion. 
(iii) What is the significance of the constraints X? = 0 and X -y = 0 
obtained in Problem 4.2? 


PROBLEM 4.4 
Show the invariance of the action (4.35) under the supersymmetry transfor- 
mations (4.25)-(4.27). 


PROBLEM 4.5 
Derive the mass formulas for states in the R and NS sector of the RNS open 
superstring. 
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PROBLEM 4.6 

Verify the constants ar = 0, ang = 1/2 for the critical RNS superstring 
by using zeta-function regularization to compute the world-sheet fermion 
zero-point energies, as suggested in Section 4.6. 


PROBLEM 4.7 

Consider the RNS string in ten-dimensional Minkowski space-time. Show 
that after the GSO projection the NS and R sectors have the same number 
of physical degrees of freedom at the second massive level. Determine the 
explicit form of the states in the light-cone gauge. In other words, repeat 
the analysis of Exercise 4.10 for the next level. 


PROBLEM 4.8 
Given a pair of two-dimensional Majorana spinors % and x, prove that 


1 
WAXB = -5 (xVőaB + XPaPAp + Xp3(p3) AB) 


where p3 = pop. 


PROBLEM 4.9 
Derive the NS-sector Lorentz transformation generators in the light-cone 
gauge. 


PROBLEM 4.10 
Show that Eqs (4.131) and Eq. (4.133) lead to the mode expansions of Ln 
and G, given earlier. 


PROBLEM 4.11 
Using the energy-momentum tensor Tg in Eq. (4.131) and the supercurrent 
Tp in Eq. (4.133), verify that Eq. (4.134) holds with ¢ = 10. 


PROBLEM 4.12 
Work out the OPEs that correspond to the coefficients of the various powers 
of 0 in Eqs (4.136) and (4.138). 


PROBLEM 4.13 
Show that the total action S = Smatter + Sghost, given in Eqs (4.130) and 
(4.141), is invariant under the BRST transformations of Eqs (4.144)—(4.149). 
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PROBLEM 4.14 
Consider the ghost contributions to the super-Virasoro generators in the NS 
sector. 


(i) Work out the mode expansions for ghost contributions to Ln and G, 
implied by Eqs (4.142) and (4.143). 
(ii) Prove that these generate a super-Virasoro algebra with ¢ = —10. 


PROBLEM 4.15 
Using the method sketched in the text, show that the BRST charge in 
Eq. (4.150) is nilpotent for the critical dimension D = 10. 


5 


Strings with space-time supersymmetry 


After the GSO projection the spectrum of the ten-dimensional RNS super- 
string has an equal number of bosons and fermions at each mass level. This is 
strong circumstantial evidence that the theory has space-time supersymme- 
try, even though this symmetry is extremely obscure in the RNS formalism. 
This suggests that there should exist a different formulation of the theory 
in which space-time supersymmetry becomes manifest. This chapter begins 
by describing the Green—Schwarz (GS) formulation of superstring theory, 
which achieves this. 

Since the bosonic string theory is defined in terms of maps of the string 
world sheet into space-time, a natural supersymmetric generalization to con- 
sider is based on maps of the string world sheet into superspace, so that the 
basic world-sheet fields are 


X"(0,T) and CO" (a. 7): (5.1) 


This is the approach implemented in the GS formalism. 

The GS formalism has advantages and disadvantages compared to the 
RNS formalism. The basic disadvantage of the GS formalism stems from the 
fact that it is very difficult to quantize the world-sheet action in a way that 
maintains space-time Lorentz invariance as a manifest symmetry. However, 
it can be quantized in the light-cone gauge. This is sufficient for analyzing 
the physical spectrum. It is also sufficient for studying tree and one-loop 
amplitudes. An advantage of the GS formalism is that the GSO projec- 
tion is automatically built in without having to make any truncations, and 
space-time supersymmetry is manifest. Moreover, in contrast to the RNS 
formalism, the bosonic and fermionic strings are unified in a single Fock 
space. 
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5.1 The DO-brane action 


Let us begin with a warm-up exercise that shares some features with the 
GS superstring but is quite a bit simpler, specifically a space-time super- 
symmetric world-line action for a point particle of mass m. The example 
of particular interest, called the DO-brane, is a massive point particle that 
appears as a nonperturbative excitation in the type IIA theory. The D0- 
brane is a special case of more general Dp-branes, which are the subject of 
the next chapter. 

Recall that the action for a massive point particle in flat Minkowski space- 


S= -m f /-X,Xedr, (5.2) 


Our goal here is to find a generalization of this action describing a massive 


time has the form 


point particle that is supersymmetric in space-time. Any number, M, of 
supersymmetries can be described by introducing M anticommuting spinor 
coordinates 94¢(r) with A = 1,...,N. The index a labels the compo- 
nents of the space-time spinor in D dimensions. For a general Dirac spinor 
a= 1,...,2P/2 if D is even. In the following it is assumed that the spinors 
are Majorana. This is the case of most interest, and it simplifies the for- 
mulas, because one can use identities such as yP¥a2 = ~I”. In the 
important case of ten dimensions, there exist Majorana—Wey] spinors, so a 
Weyl constraint can be imposed at the same time. 

Supersymmetry can be represented in terms of infinitesimal supersymme- 
try transformations of superspace 


6944 = Aa, (5.3) 


X" = íT" O^. (5.4) 


Here, summation on the repeated index A is understood. Supersymmetry 
is a nontrivial extension of the usual symmetries of space-time. In particu- 
lar, a simple computation shows that the commutator of two infinitesimal 
supersymmetry transformations gives 


61,6.}04=0 and 61, 69) X” = —224T Hed = at. 5.5 
[ ’ | 1 2 


This shows that the commutator of two infinitesimal supersymmetry trans- 
formations is an infinitesimal space-time translation of X” by a”. The 
supergroup obtained by adjoining supersymmetry transformations to the 
Poincaré group is called the super-Poincaré group, and the generators de- 
fine the super-Poincaré algebra. It is made manifest in the formulas that 
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follow. These symmetries are global symmetries of the world-line action, so 
£^4 is independent of T. 
In order to construct the supersymmetric action, let us define the super- 


symmetric combination 
Ty = X" — O4T#64, (5.6) 


The subscript 0 refers to the fact that both terms involve time derivatives. 
The corresponding formula for a Dp-brane is 


IIE = ôa X" — O4T#9,04, a=0,1,...,p. (5.7) 


In the case of the DO-brane, p = 0, and so the index a can only take the 
value 0. 

Since NG is invariant under supersymmetry transformations, a space-time 
supersymmetric action can be constructed by making the replacement 


X" Te (5.8) 


in the action (5.2). As a result, one obtains the action 


Sy = -m f V —IIo č Ilo dr. (5.9) 


This action is invariant under global super-Poincaré transformations and 
local diffeomorphisms of the world line. 

The D0-branes are massive supersymmetric point particles that appears 
in the type IIA theory. Therefore, since this is a ten-dimensional theory, in 
the following we assume that D = 10. Since the type IIA theory has M = 2 
space-time supersymmetry, there are two spinor coordinates, O!¢ and 07, 
which are both Majorana—Wey] and have opposite chirality. One can define 
a Majorana (but not Weyl) spinor 


6 =06'+0?, (5.10) 
and obtain Ot and ©? by projecting onto each chirality 
1 
o! = A +Ty1)0 and O?= 5C —1T)9, (5.11) 


where, as in Chapter 4, 
Ty, =Tol1...T9 (5.12) 


satisfies ce = 1 and {11,1} = 0. In this case one can write 
Tis = X” — Oro, (5.13) 


since the cross terms between opposite-chirality spinors vanish. 
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It turns out that the action S1, by itself, does not give the desired theory. 
This can be seen by deriving the equations of motion associated with X” 
and ©4. The canonical conjugate momentum to X" is 





694 m D ogr 
Py= = = X,- 01,0). 5.14 
X. ArT | 7 . ) tt) 


The X” equations of motion imply 


P, =0. (5.15) 
Not all the components of the momentum are independent. Squaring both 
sides of Eq. (5.14) gives the mass-shell condition 


P? =m. (5.16) 
On the other hand, the equation of motion for © is 
P.TO=0. (5.17) 


Multiplying this with P -T gives m20 = 0, so for m Æ 0 one obtains © = 0. 
There is nothing obviously wrong with this. However, the factor P -T 
is singular in the massless case. This corresponds to saturation of a BPS 
bound, a circumstance that reflects enhanced supersymmetry. This suggests 
that another contribution to the action may be missing whose inclusion 
would ensure saturation of a BPS bound and enhanced supersymmetry in 
the massive case as well. 

Suppose that there is a second contribution to the action that changes 
Eq. (5.17) to 

(P-T+mI1)0 =0. (5.18) 

This equation only forces half the components of © to be constant without 
constraining the other half at all. The reason is that half of the eigenvalues 
of P -T + mI, are zero. As evidence of this consider its square 


(P-T4+mPy)? = (P-T)?4+m{P-T,Ty}4 (ml)? = P2 +m? =0. (5.19) 


Thus the number of independent equations is only half the number of com- 
ponents of ©. This suggests that there are local fermionic symmetries such 
that half the components of © are actually gauge degrees of freedom. 

The missing contribution to the action that gives this additional term in 
the © equation of motion is 


So = -m f ƏTuò dr. (5.20) 


The choice of the sign of this term is arbitrary. If this choice describes a 
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D0-brane, then the opposite sign would describe an anti-D0-brane. To sum- 
marize, the complete space-time supersymmetric action for a point particle 
of mass m is 


S = S1 + S2 = -m f VV —IIo : Io dr — m f Ərnò dt. (5.21) 


Kappa symmetry 


The action S$ is invariant under super-Poincaré transformations and diffeo- 
morphisms of the world line. By adding the contribution S2, the point- 
particle action gains a new symmetry, called & symmetry, which is a local 
fermionic symmetry. k symmetry involves a variation 60, whose form is 
determined later, combined with a transformation of the bosonic variables 
given by 

X” = OTHO = —6OI“O. (5.22) 


This determines the transformation of IG to be 
ols = —260r "Ò. (5.23) 


The variation of the action Sı in Eq. (5.9) under a «& transformation is 


Io - oI 
ôS =m / ga” (5.24) 


Using (5.23) and the fact that T11 squares to 1, we obtain 














meer 8 
6S, = 2m fs dt = 2m f SPn8 dr, (5.25) 
where 
Tr- Io 
Since 
2_ (T: Io)? 
= aa 5.27 
Y n? i (5.27) 
y can be used to construct projection operators 
1 
Py = 5(1 9). (5.28) 


The second contribution to the action, S2 in Eq. (5.20), has the variation 


68 = —2m J 601110 dr. (5.29) 
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Thus 
6(S, + S2) = -2m f 660 +7)r11Ô dr = -4m | P16 dr. (5.30) 


For a transformation 60 that takes the form 
60 =KP_, (5.31) 


with «(7) an arbitrary Majorana spinor, the action is invariant. So this 
describes a local symmetry of the action. To summarize, the D0-brane 
action S is invariant under the transformations 


69=KP_ and 6X"*=-KP_T“O. (5.32) 


The local fermionic « symmetry implies that half of the components of 
© are decoupled and can be gauged away. The key point to realize is that 
without this symmetry there would be the wrong number of propagating 
fermionic degrees of freedom. What is required is a local fermionic symmetry 
that effectively eliminates half of the components of O. 





EXERCISES 





EXERCISE 5.1 
Given two Majorana spinors ©; and ©» prove that 


01,02 = -0 ,01. 


SOLUTION 


In a Majorana representation the Dirac matrices are real. Since Ig is an- 
tihermitian and the spatial components T; are hermitian, this implies that 
To is antisymmetric and T; is symmetric. Using these facts and the Dirac 
algebra, it follows that the charge-conjugation matrix C = Ip satisfies 


aj T 
CTC = T. 
For Majorana spinors 
O,0,,O2 = OT, O2 = OTCT 02. 
This can be written in the form 


-04r7C70; = -04 CT,01 = -0 01, 
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which proves the desired result. 
More generally, the same reasoning gives 


OiT prun O2 = (21) 020 asi i 
where we define 


Pjanoo = Pimp EEN Pan] 





and square brackets denote antisymmetrization of the enclosed indices. O 


EXERCISE 5.2 
Check explicitly that the commutator of two supersymmetry transforma- 
tions gives the result claimed in Eq. (5.5). 


SOLUTION 


Under the supersymmetry transformations in Eqs (5.3) and (5.4) the fermi- 
onic coordinate transformation is 604 = <4. Therefore, 616.04 = deh = 0, 
which implies that [5,, 62] 04 = 0. Similarly, 


5, 6gX" = 5, (EST#O4) = Tet, 
As a result, 


61,60] X = ef rte4t — EAT et = —2e4 Tred. 
2 1 1 2 1 2 











where we have used the result of the previous exercise. 





EXERCISE 5.3 
Show that IT, as defined in Eq. (5.6), is invariant under the supersymmetry 
transformations in Eqs (5.3) and (5.4). 


SOLUTION 


From the definition of ITJ it follows that 
6(X" — O4T#O4) = <(@'T04) — e4pue4 — e4rves 
T 


= FApHE4 — AP+E4 = 0. 





EXERCISE 5.4 
Derive the equations of motion for X” and ©4 obtained from the action S1. 
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SOLUTION 


The momentum corresponding to the X, coordinate is 


ee ees 
bX, Tr 





As a result, the equation of motion for X, is 
P” = 0, 
The equation of motion for the fermionic field is 


d ÒL ÒL 


dt 5QA ôA 


This gives 
2 (P,T“O^) + P,T¥04 = 0 
= 
or, using P” = 0, 


P-Te4=0 














5.2 The supersymmetric string action 


As was discussed in Chapter 4, there are two string theories with M = 2 
supersymmetry in ten dimensions, called the type IIA and type IIB super- 
string theories. Since in each case the supersymmetry is VV = 2, there are 
two fermionic coordinates ©! and O°. For the type IIA theory these spinors 
have opposite chirality while for the type IIB theory they have the same 
chirality, that is, 


T,,04 = (-1)4+104 type IIA (5.33) 


T,,04= ©4 type IIB. (5.34) 


The two spinors 04%, A = 1,2, are Majorana—Wey] spinors. 
In order to construct the GS world-sheet action for the type II super- 
strings, let us start with the bosonic Nambu-Goto action (for a’ = 1/2 or 


T =1/r) 





Sna == ~ feo Po — det (OgX#OgX,). (5.35) 
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The obvious guess is that the supersymmetric string action takes the form 
Sı = -1 f @ov-6. (5.36) 

with G = det Gap, Gag = Iq - Hg and 
IIE = ôa X" — 047,04. (5.37) 


This expression is supersymmetric even if the number of supersymmetries 
is different from M = 2. In the general case the index A takes the values 
A =1,...,N. However, the case of interest to us has D = 10, N = 2, 
and the spinors 94 are Majorana—Wey] spinors with 16 independent real 
components (though we use a 32-component notation). 

As in the case of the D-particle, the action S4 is not the complete answer, 
because it is not invariant under « transformations. As before, a second 
term S2 has to be added in order to produce local k symmetry and thereby 
decouple half of the components of the fermionic variables. The action Sj 
is invariant under global super-Poincaré transformations as well as local 
reparametrizations (diffeomorphisms) of the world sheet. These properties 
must be preserved by the new term S2. 


Kappa symmetry 


In analogy to the discussion of the D0-brane, the bosonic variables transform 
under « transformations according to 


X! = OATH5E4 = -604TH O4, (5.38) 
which implies 
ôE = —2604T#4,,04. (5.39) 
Using (5.39) one obtains 


2 es 
ôS = < f dov -GGPS T 004. (5.40) 


The next step is to construct a second contribution to the action S2 that 
also has global super-Poincaré symmetry and local diffeomorphism symme- 
try. Moreover, its kappa variation ôS2 should combine nicely with 6S, so as 
to ensure kappa symmetry of the sum. The analysis can be rather messy if 
one does it by brute force. It makes a lot more sense, however, if one focuses 
on the crucial geometrical aspects of the problem in the manner that follows. 
This methodology is generally applicable to problems of this type. 

There is a large class of world-volume theories for which the action takes 
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the form Sı + S2, where Sı is of the Nambu—Goto type and Sə is of the 
Chern-Simons or Wess—Zumino type. These characterizations concern the 
way in which the diffeomorphism symmetry is implemented. Sı has the 
structure of a supersymmetrized volume. The term So, on the other hand, 
is naturally described as the integral of a two-form 


1 
S2 = / = 5 i Poe? Nag, (5.41) 


where Q2 does not depend on the world-sheet metric. More generally, for a 
p-brane it would be an integral of a (p+1)-form. Such a geometric structure 
has manifest diffeomorphism symmetry. 

The way to make the symmetries of the problem manifest is to formally 
introduce an additional dimension and consider the three-form Q3 = dQo. 
As a mathematical device, one may imagine that there is a three-dimensional 
region D whose boundary is the string world sheet M. The region D has no 
physical significance. In mathematical notation, M = 0D. Then by Stokes’ 


f= fm. (5.42) 


The advantage of this is that the symmetries of the problem are manifest in 


theorem 


Q3. The differential form Qg is like a characteristic class in that it is closed 
and invariant under the symmetries in question. The differential form Qə is 
the corresponding Chern—Simons form. In general it is not invariant under 
the corresponding symmetry transformations. However, its variation is a 
total derivative, which is sufficient for our purposes. 

A key formula in this subject is an identity satisfied by a Majorana—Weyl 
spinor © in ten dimensions 


Id dOT „dO = 0. (5.43) 


In our notation wedge products are implicit, so the left-hand side of this 
equation is a three-form. This formula is crucial to the existence of super- 
symmetric Yang-Mills theory in ten dimensions, and it is also required in 
the analysis that follows. It is proved by considering Fierz transformations 
of the spinors, which are given in the appendix of Chapter 10. 

Let us focus on the implementation of global space-time supersymmetry. 
There are three one-forms that are supersymmetric, namely dQ!, dO”, and 
I“ = dX"—04T#d04. So Qz should be a Lorentz-invariant three-form con- 
structed out of these. Up to a normalization constant, c, to be determined 
later, the appropriate choice is 


Q3 = c(dO'T,, dO! — d6*T,,de*)T1". (5.44) 
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The crucial minus sign in this formula is determined from the requirement 
that Q3 should be closed, that is, d3 = 0. To see this substitute the explicit 
formula dII4 = —(d0!T¥d@! + dO?T“d@7) into 


dQ3 = c(dO'T,,dO' — d6*T,,d”)dII". (5.45) 


The minus sign ensures the cancellation of the cross terms that have two 
powers of dO! and two powers of dO?. The terms that are quartic in dO! 
or dO?, on the other hand, vanish due to Eq. (5.43). 

Let us now compute the kappa symmetry variation of Q3, 


603 = 2c(dd0'T,,dO' — dsO7T,,d0*) I" 
—2ce(dÖ'T „dO! — dO?T,,d0”?)504T“do4. (5.46) 


Using Eq. (5.43) again, the second line of this expression can be recast in 
the form 


—2c(66'T,,d@' — 6671 ,,d0”)dII". (5.47) 
Therefore, 
SQ = a|2c(50'r d0" — §6°P,,d02) 1] , (5.48) 
and thus 
60 = 2c(60'T,,dO' — 667T,,d6”)T1". (5.49) 


To be explicit, setting c = 1/7 gives 
2 = = 
ôS = — k: d'oc” (60'T 049" — SOT 00°) TG. (5.50) 
T 


The term Sə is required to have this variation, since then the variation of 
the entire action under « transformations takes the form 











4 a 7 
6S = + / Poe (60! P T 0.0" — 6° P_T,,0,97) IG. (5.51) 
T 
The orthogonal projection operators P+} are defined by 
1 
PL= 3 (177) (5.52) 
with 
aBbTe-TTy 
e°P IST 
atigi uv 
= —-— 5.53 
y IIC (5.53) 


It now follows that the action is invariant under the transformations 


60'=k'P_ and 607? = R?’ P} (5.54) 
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for arbitrary MW spinors «t and x? of appropriate chirality. 
Let us now construct the term S2. Using Eq. (5.44), Q3 = dQə2 can be 
solved for Q2. The solution, unique up to an irrelevant exact expression, is 


Q = c(O'T dO! — O'T ,dO°)dX" — cO'T ,dO'O T" dO’. (5.55) 


Note that changing the sign of c corresponds to interchanging O! and O°, 
and therefore the choice is a matter of convention. The term Sə can be 
reconstructed from this formula in the manner indicated in Eq. (5.41). Al- 
together, the «-invariant action for the string is then 


S = S1 + So. (5.56) 


Other p-branes, some of which are discussed in Chapter 6, also have world- 
volume actions with local k symmetry. One example is the supermembrane 
in D = 11 supergravity (or M theory). Other examples contain additional 
world-volume fields besides X” and ©. For example, the Dp-brane world- 
volume actions also contain U(1) gauge fields. This gauge field could be 
ignored in the special case p = 0 discussed earlier. 





EXERCISES 





EXERCISE 5.5 
Show that y, defined in Eq. (5.53), satisfies y? = 1, as required for P} = 
(1+ y)/2 to be orthogonal projection operators. 








SOLUTION 


The square of y is 


1 2 1 
y= E- (<TD) = eae ea, nara AT aT ee 


Using the identity 


{Tr Pyare} = ~My hive + 2M v2 Mr po + U pinuan» 


and noting that the P miviuzvz term does not contribute, one obtains 


1 
P J T (Gaiaz GB12 = Gor boG biaz) =1. 
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5.3 Quantization of the GS action 


The GS action is difficult to quantize covariantly, since the equations of 
motion are nonlinear in the coordinates X” and @4. Also, the canonical 
variables satisfy constraints as a consequence of the local k symmetry. These 
constraints are a mixture of first and second class (in Dirac’s classification). 
Standard methods require disentangling the two types of constraints and 
treating them differently. However, this separation cannot be achieved co- 
variantly. Many proposals for overcoming these difficulties have been made 
over the years, most of which were unsuccessful. More recently, Berkovits 
has found a scheme based on pure spinors, that does seem to work, but it 
is not yet understood well enough to include here. 

The following analysis uses the light-cone gauge in which the equations of 
motion become linear, and the quantization of the theory becomes tractable. 
This gauge choice is very convenient for analyzing the physical spectrum of 
the theory. It can also be used to compute tree and one-loop amplitudes. 
However, to be perfectly honest, it is very awkward for most other purposes. 


The light-cone gauge 


As in the case of the bosonic string, the diffeomorphism symmetry can be 
used to choose the conformally flat gauge in which the world-sheet metric 
takes the form 


hog = e nag. (5.57) 


After choosing this gauge the action is still invariant under superconformal 
transformations. As explained in Section 2.5, this residual symmetry allows 
one to choose the light-cone gauge in which the oscillators a}, with n Æ 0, 
vanish, and therefore 


Xt = gt +p*r. (5.58) 


As before, this leaves only the transverse coordinates X* with i = 1,...,8 
as independent degrees of freedom. As a result, the theory contains eight 
bosonic degrees of freedom corresponding to the eight transverse directions 
in ten dimensions. In the world-sheet theory these appear as eight left- 
movers and eight right-movers. 

Let’s consider the fermionic degrees of freedom. As was discussed earlier, 
a generic spinor in ten dimensions has 32 complex components. Imposing 
Majorana and Weyl conditions reduces this to 16 real components, which 
is the content of a Majorana—Weyl] spinor. In the present set-up there are 
two Majorana—Weyl spinors 0“, which therefore have a total of 32 real 
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components. A factor of two reduction is provided by the local k symmetry, 
which can be used to gauge away half of the 32 fermionic degrees of freedom. 
The final factor of two that leaves eight real degrees of freedom, for both 
left-movers and right-movers, is provided by the equations of motion. 

A natural and convenient gauge choice is 








T+e4 =0, where = ar + T°), (5.59) 


This reduces the number of fermionic degrees of freedom for each of the two 
Qs to eight. Note that n+- = —1, so that r+ = -I_ and I7 = -T. This 
gauge choice meshes nicely with gauge-fixing X", since 6X+ = e4T+@4 
vanishes. It could be justified by constructing a local « transformation that 
implements this choice. 

The GS action, in the version with a world-sheet metric, is 


S = Si + So, (5.60) 
with 
1 
c= -5 f Pov=hhM, -TIg (5.61) 


and 
1 = _ = _ 
ie J doe |—d,X"(O'T,,0g0' -OT 30’) -0T“ 30t 671,030"). 
(5.62) 


The equations of motion for the superstring in the GS formalism are highly 
nonlinear and given by 


1 
Ia - Ig = shah IL - Ils, (5.63) 
I- Ha P30! =T - Ma P?O? = 0, (5.64) 


On [v= (ne%a,x" — 2P°°6114a,0! — 2P"6"Ta,0")| =0, (5.65) 


where 











1 eoP 
PÊ =- [h ) : 5.66 
8 = prsi (6.66) 


Once the gauge choices (5.58) and (5.59) are imposed, the equations of 
motion for the string become linear. The basic reason for this simplification 
is that the term 


^T”, O4 (5.67) 
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vanishes for u = i, + and is nonvanishing only for u = —. Using the fermion 
gauge choice (5.59), the first equation in (5.64) takes the form 


(T 08) P380! = (T04 + Py.) P?%dg0! = 0. (5.68) 
Multiplying this result by T+ gives 
CHOE + Pll’, P?’a,e! = 211t Pag = 0. (5.69) 


Using Ht = pt ôa, this gives 


P%O! = 0. (5.70) 
Using the definition of P° and the gauge choice hag = e? Naps this takes 
the form 
o 0 
—+ —]e'=0. 5.71 
(+ + Z) oe 


This is the equation of motion for ©! in the light-cone gauge. It is consid- 
erably simpler than the covariant equation of motion. Since this equation is 
linear, it can be solved explicitly. In a similar way, the equations of motion 
for X? and ©? also become linear. One learns, in particular, that ©! and ©? 
describe waves that propagate in opposite directions along the string. This 
fact can be traced back to the relative minus sign between the O! and O? 
dependence in S2. 


The light-cone gauge action 


The superstring theories considered here have ten-dimensional Lorentz in- 
variance, but in the light-cone gauge only an SO(8) transverse rotational 
symmetry is manifest. The eight surviving components of each © form 
an eight-dimensional spinor representation of this transverse SO(8) group 
(or more precisely its Spin(8) covering group). There are two inequivalent 
spinor representations of Spin(8), which are denoted by 8s and 8e. These 
two representations describe spinors of opposite eight-dimensional chirality. 
The ten-dimensional chirality of the spinors 9! determines whether an 8s 
or 8, representation survives in the light-cone gauge. Using the symbol S 
for the surviving components of ©, multiplied by a factor proportional to 
ypt , the choices are 


IIA: /ptO4— 8s + 8e = (S2, S$), (5.72) 





IIB: YptO4 > 8 + 8s = (S2, S$). (5.73) 
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In the above formulas the letters a,b,... label the indices of a spinor in 
the 8; representation and dotted indices @,6,... label spinors in the 8e 
representation. This should be contrasted with the result obtained for the 
RNS formalism in light-cone gauge, where the fermionic fields on the world 
sheet are vectors of SO(8) rather than spinors. In the case of the group 
Spin(8) there is a triality symmetry that relates the vector representation 
to the two spinor representations. This symmetry is manifested as an 53 
symmetry of the Spin(8) Dynkin diagram shown in Fig. 5.1.1 





Fig. 5.1. Dynkin diagram for SO(8) = D4. Triality refers to the symmetries of this 
diagram. 


In the notation where the components of © that survive after gauge fixing 
are denoted by S, as described above, the equations of motion take the very 
simple form 


ð,- -X =0, Og8F]0: and 065896. (5.74) 


These equations are identical to those for the fields XŻ, wi and w* in the 
RNS formalism. The only difference is that now the fermions are in the 
spinor representation of S'pin(8), whereas in the RNS formalism they were 
in the vector representation. By using the triality symmetry discussed above 
one can transform space-time spinors into vectors. As a result, these equa- 
tions of motion are very similar to those for superstrings in the RNS formal- 
ism, though there are important differences in their usage. 

The light-cone gauge action that gives rise to the above equations of mo- 
tion is 


1 ; ) 
S=- | Poaxarx'+= f o(Sta,S} + 830-88), (5.75) 


for the type IIB string. For the type IIA string one replaces S$ by SÅ. In 
the IIB case one can combine Sı and S2 into a two-component Majorana 


1 The representation theory of the groups S'pin(2n) is described in Appendix 5.A of GSW. 
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world-sheet spinor giving the action 
1 ae ee 
S= 25 f o(a Xið X! £8" 9028"), (5.76) 


where p® are the two-dimensional Dirac matrices described in Chapter 4. 
As a result, the light-cone gauge superstring in the GS formalism looks 
almost the same as in the RNS formalism. An important difference is the 
fact that, whereas the RNS formalism required two sectors (R and NS), the 
entire spectrum is obtained from a single sector in the GS approach. It 
is an interesting fact that before gauge fixing the GS fermions transform 
as world-sheet scalars, but after gauge fixing they transform as world-sheet 
spinors. 


Canonical quantization 


Canonical quantization of the coordinates X* is the same as in the case of 
the bosonic string or of the RNS string. Therefore, the equations of motion 
and the boundary conditions are solved by the same oscillator expansions. 
The fermionic coordinates satisfy anticommutation relations 


{ 54#(0, 7), SP*(o", r)} = 76% 543 §(g — o"), (5.77) 


where A, B = 1,2 anda,b=1,...,8. To determine the quantization condi- 
tions for the coefficients in the mode expansions of the fermionic fields, one 
must first choose boundary conditions for the fermionic coordinates. These 
determine the structure of the mode expansions, just as for the bosonic 
coordinates. There are several different possibilities: 


Open type I superstring 


The bosonic fields of the open or type I superstring satisfy Neumann bound- 
ary conditions at @ = 0,7. When they are required to end on lower- 
dimensional hypersurfaces (D-branes), Dirichlet boundary conditions, which 
are another possibility, are discussed in Chapter 6. The corresponding 
boundary conditions for the fermionic fields St and S$? require that they 
are related at the ends of the strings. 

In order to keep the fermionic zero mode, which is necessary for unbroken 
space-time supersymmetry, there is no arbitrariness for the choice of sign in 
the boundary conditions. This is in contrast to the situation in the RNS 
approach. Space-time supersymmetry is only possible for the same relative 
sign choice at both ends. Thus the appropriate boundary conditions are 


Se 8 le5- wamd:. “Si? n S A (5.78) 
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Since the space-time supersymmetry transformation is 604 = «4 (where 
the e^ are constants) the above boundary conditions are only compatible 
with supersymmetry if et = <?. As a result, open strings only have an 
N = 1 supersymmetry. Such open strings occur in the type I superstring 
theory, which therefore is a theory with M = 1 supersymmetry. The mode 
expansions for the fermionic fields of an open string satisfying Eqs (5.74) 


and (5.78) are 


1 oo 
la _ a „ —in(T—0) 
sas > Ste (5.79) 
1 oo , 
2a _ a „ —in(T+0) 
pac 2 Se . (5.80) 


After quantization, the coefficients in the above mode expansions satisfy 
TS Sn} = mingi (5.81) 
The reality condition implies $% „ = (S¢%,)'. 
Closed strings 
Closed strings require the periodicity 
S44 (o, T) = S4%(o + 7,7), (5.82) 


since this is the only boundary condition that is compatible with supersym- 
metry. As a result, the mode expansions become 


Gia Bie rr), (5.83) 
G24 = 5 Bee ee) (5.84) 


Each set of modes satisfies the same canonical anticommutation relations 
as in Eq. (5.81). S1 and S? belong to different spinor representations, 8s 
and 8¢, for the type ITA theory and to the same spinor representation, 8, 
or 8c, for the type IIB theory. A left-right symmetrization (or orientifold 
projection) of the closed type IIB superstring gives a truncated spectrum 
that describes the closed type I superstring with M = 1 supersymmetry. 
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The free string spectrum 


Let us now examine the spectrum of free GS strings with space-time su- 
persymmetry in flat ten-dimensional Minkowski space-time starting with 
the type I open-string states. This is useful for closed strings, as well, 
since closed-string left-movers and right-movers have essentially the same 
structure as open strings. This implies that closed-string states can be con- 
structed as tensor products of open-string states, just as for the bosonic 
string. 


Open type I superstrings 

Open type I superstrings satisfy the mass-shell condition 

CO 

a! M? = `y (at pah, HNS n SE). (5.85) 

n=1 
Note that there is no extra constant (previously called a), since the normal- 
ordering constants for the bosonic and fermionic modes cancel exactly. As 
a result, there is no tachyon in the spectrum, and so no analog of the GSO 
projection is required to eliminate a tachyon. Moreover, the ground state 
is degenerate since the operator S§ commutes with the mass operator. The 
ground-state spectrum must provide a representation of the zero-mode Clif- 
ford algebra 


{se S$} =” ab=1,...,8. (5.86) 


The representation consists of a massless vector 8y, which we denote by |i}, 
i = 1,...,8, and a massless spinor partner |å}, å = 1,...,8, which belongs 


to the 8e. These are related according to? 


la) = rip Sbli) and |i) =T%,SPla). (5.87) 


This construction is identical to the one used for the zero modes of the 
Ramond sector in the RNS formalism in Chapter 4. The difference is that the 
role of a vector and spinor representation has been interchanged. However, 
because of the triality symmetry of Spin(8), the mathematics is the same. 

This is exactly the massless spectrum required by supersymmetry that 
was found earlier. This time it has been achieved in a single sector, without 
any GSO-like projection. The excited levels at positive mass are obtained 
by acting on the massless states with the negative modes ($%,, and af „) 
in the usual way. The methodology of this construction ensures that the 


2 The eight 8 x 8 Dirac matrices rt, are the Clebsch—Gordon coefficients for combining the three 
inequivalent 8s of Spin(8) into a singlet. 
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supersymmetry generators can be expressed in terms of these oscillators, 
and therefore the physical spectrum is guaranteed to be supersymmetric. 


Type II superstring theories 


Type II superstrings, on the other hand, have the following spectrum. The 
ground state for the closed string is also massless and is given by the tensor 
product of left- and right-movers. Since the ground state for the open string 
is the 16-dimensional multiplet given by 8, + 8e, there are 256 = 16 x 16 
states in the closed-string ground state. The resulting supermultiplets are 
different for the type IIA and type IIB theories. 

In the case of the type IIA theory one should form the tensor product of 
two supermultiplets in which the spinors have opposite chirality 


(8v + 8.) ® (8v + 8s). (5.88) 
This tensor product gives rise to the following bosonic fields: 
8, ® 8y = 1 +28 +35 and 8s Q 8. = 8y + 564, (5.89) 


while the tensor products of 8, Q 8, and 8, Q 8e give rise to the corre- 
sponding fermionic superpartners. The product of the two vectors 8, ® 8, 
decomposes into a scalar, an antisymmetric rank-two tensor and a symmet- 
ric traceless tensor. The corresponding fields are the dilaton, antisymmetric 
tensor and the graviton. The product of the two spinors of opposite chirality, 
denoted ¢ and x, is evaluated by constructing the independent tensors 


Tix and CT ijex. (5.90) 


These describe 8 + 56 = 64 fermionic states, which is the expected num- 
ber. Equation (5.89) describes the massless bosons of the ten-dimensional 
type IIA theory. This is the same bosonic content that is obtained when 
11-dimensional supergravity is dimensionally reduced to ten dimensions. 
Furthermore, the fermions also match. This relationship has rather deep 
significance, as it suggests a connection between the two theories. This is 
explored in Chapter 8. 

The spectrum of massless particles of the type IIB theory is given by the 
tensor product of two supermultiplets in which the spinors have the same 
chirality. The massless ground states are then given by 


(8y + 8c) ® (8y + 80). (5.91) 
This gives rise to the following bosonic fields: 


8 © 8¥ = 1 +28 +35 and 8c © 8c = 1 +28 +354. (5.92) 
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Here 35, describes a fourth-rank self-dual antisymmetric tensor. This spec- 
trum does not arise from dimensional reduction of a higher-dimensional the- 
ory. 

The above results show that both type II theories have the same field 
content in the NS-NS sector,® namely (in a mixed notation) 


8y & 8y = O S Buw p Gw, (5.93) 


which are the dilaton, antisymmetric tensor and the graviton. In the R- 
R sector the type IIA and type IIB theories are different. The type IIA 
theory contains odd rank potentials, namely 8, and 564, which are one- 
form and three-form potentials. The type IIB theory, on the other hand, 
contains even rank potentials, namely 1, 28 and 354, which are a zero- 
form potential corresponding to an R-R scalar, a two-form potential and a 
four-form potential with a self-dual field strength in ten dimensions. 





EXERCISES 





EXERCISE 5.6 
Show that O4T“9,,04 vanishes for u= +,i. 


SOLUTION 


The vanishing is obvious for u = +, because TtO4 = 0. To see it for the 
case u = i insert 1 = —((+T~ + r7T+)/2. Then [+ multiplies 04 either 
from the left or the right to give zero, and so each of the two terms vanishes. 














EXERCISE 5.7 
Show that ©! and ©? propagate in opposite directions along the string. 


SOLUTION 
Ot and ©? satisfy the equations of motion 
(0, + 0,) Ot = (0, — ðs) O? = 0. 


3 The GS formalism doesn’t have distinct sectors, but these are the states of the NS-NS sector 
in the RNS formalism. 
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As a result, ©! = O!(7 — a) is right-moving and ©? = ©?(7 + ø) is left- 
moving. o 





EXERCISE 5.8 
Work out the decomposition of the tensor products 8, ® 8, and 8e Q 8s. 


SOLUTION 


This problem involves evaluating tensor products of representations of the 
Lie group Spin(8) = D4. Recall that it has three eight-dimensional repre- 
sentations, denoted 8,, 8s and 8e. These are related to one another by the 
triality automorphism group. The tensor product 


8 © 8¥ = 1 +28 +35 


is ordinary SO(8) group theory: the decomposition of a second rank tensor 
tij into a trace, antisymmetric and symmetric-traceless parts. The product 
8, Q 8, works the same way for a tensor tap. One obtains 


8, 8 8, =1+ 28+ 35_. 


The 1 and 28 are triality-invariant representations. However, there are 
three 35-dimensional representations related by triality. The 35, and 35_ 
can be described alternatively as the self-dual and anti-self-dual parts of a 
fourth-rank antisymmetric tensor 





Leeper erp 
ijkli'j' k'l 
tijkl = aa a J J Cri kil- 


8 
4 


The tensor product 8, Q 8s contains an 8, given by IY it ab 


the invariant tensor described in the text. The remaining 56 components 


Each of these has 5 ( ) = 35 independent components. 


where I”. is 
ab 
of the product form an irreducible representation 56+. It has an alternative 


; : ‘ 8 
description as a third-rank antisymmetric tensor tijk, which has n = 56 


independent components. 














5.4 Gauge anomalies and their cancellation 


In the early 1980s it appeared that superstrings could not describe parity- 
violating theories, because of quantum inconsistencies called anomalies. The 
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1984 discovery that the anomalies could cancel in certain cases was impor- 
tant for convincing many theorists that string theory is a promising approach 
to unification. In the years that have passed since then, string theory has 
been studied intensively, and many issues are understood much better now. 
In particular, it is possible to present the anomaly cancellation mechanism in 
a more elegant way than in the original papers. The improvements that are 
incorporated in the following discussion include an improved understanding 
of the association of specific terms with specific string world sheets as well 
as some mathematical tricks. 

When a symmetry of a classical theory is broken by radiative corrections, 
so that there is no choice of local counterterms that can be added to the 
low-energy effective action to restore the symmetry, the symmetry is called 
anomalous. Anomalies arise from divergent Feynman diagrams, with a clas- 
sically conserved current attached, that do not admit a regulator compatible 
with conservation of the current. Anomalies only arise at one-loop order 
(Adler—Bardeen theorem) in diagrams with a chiral fermion or boson going 
around the loop. Their origin can be traced to the behavior of Jacobian 
factors in the path-integral measure. 

There are two categories of anomalies. The first category consists of 
anomalies that break a global symmetry. An example is the axial part 
of the flavor SU(2) x SU(2) symmetry of QCD. These anomalies are good in 
that they do not imply any inconsistency. Rather, they make it possible to 
carry out certain calculations to high precision. The classic example is the 
rate for the decay 7° — yy. The second category of anomalies consists of 
ones that break a local gauge symmetry. These are bad, in that they imply 
that the quantum theory is inconsistent. They are our concern here. 

Parity-violating theories with chiral fields only exist in space-times with 
an even dimension. If the dimension is D = 2n, then anomalies can occur 
in Feynman diagrams with one current and n gauge fields attached to a 
chiral field circulating around the loop. In four dimensions these are triangle 
diagrams, and in ten dimensions these are hexagon diagrams, as shown in 
Fig. 5.2. The resulting nonconservation of the current J” takes the form 


Op TY = ae Pen Bs Fue, sons (5.94) 


where a is some constant. 

In string theory there are various world-sheet topologies that correspond 
to one-loop diagrams, as was discussed in Chapter 3. In the case of type II or 
heterotic theories the only possibility is a torus. For the type I superstring 
theory it can be a torus, a Klein bottle, a cylinder or a Moebius strip. 
However, the anomaly analysis can be carried out entirely in terms of a low- 
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D=4 D=10 


Fig. 5.2. Diagrams contributing to the gauge anomaly in four and ten dimensions. 
Each of these diagrams contains one current, while the remaining insertions are 
gauge fields. 


energy effective action, which is what we do here. Even so, it is possible to 
interpret the type I result in terms of string world sheets. The torus turns 
out not to contribute to the anomaly. For the other world-sheet topologies, it 
is convenient to imagine them as made by piecing together boundary states 
|B) and cross-cap states |C}. Cross-caps can be regarded as boundaries that 
have opposite points identified. In this way (B|B) represents a surface with 
two boundaries, which is a cylinder, (B|C) and (C|B) represent surfaces 
with one boundary and one cross-cap, which is a Moebius strip, and (C|C) 
represents a surface with two cross-caps, which is a Klein bottle. The correct 
relative weights of the Feynman diagrams are encoded in the combinations 


(BI + (Cl) x (|B) + |C)). (5.95) 


The consistency of the SO(32) type I theory arises from a cancellation be- 
tween the boundary and cross-cap contributions. It should also be pointed 
out that the modern interpretation of the boundary state is in terms of a 
world sheet that ends on a D-brane, whereas the cross-cap state corresponds 
to a world sheet that ends on an object called an orientifold plane. These 
are discussed in Chapter 6. 


Chiral fields 


As we learned earlier, in ten dimensions (in contrast to four dimensions) 
there exist spinors that are simultaneously Majorana and Weyl. Another 
difference between four and ten dimensions is that in ten dimensions it is 
also possible to have chiral bosons! To be specific, consider a fourth rank 
antisymmetric tensor field A, ,, which is conveniently represented as a 
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four-form A4. Then the five-form field strength F5 = dA, has a gauge in- 
variance analogous to that of the Maxwell field, namely 6A4 = dA3, where 
Ag is a three-form. Moreover, one can covariantly eliminate half of the de- 
grees of freedom associated with this field by requiring that F is self-dual 
(or anti-self-dual). Because the self-duality condition involves the € symbol, 
the resulting degrees of freedom are not reflection invariant, and they there- 
fore describe a chiral boson. When interactions are taken into account, the 
self-duality condition of the free theory is deformed by interaction terms. 
This construction in ten dimensions is consistent with Lorentzian signature, 
whereas in four dimensions a two-form field strength can be self-dual for 
Euclidean signature (a fact that is crucial for constructing instantons). 


Differential forms and characteristic classes 


To analyze anomalies it is extremely useful to use differential forms and 
characteristic classes. For example, Yang—Mills gauge fields are Lie-algebra- 
valued one-forms: 


Az) Aia) da". (5.96) 
h,a 


Here the A“ are matrices in a convenient representation (call it p) of the Lie 
algebra G. The field strengths are Lie-algebra-valued two-forms: 


1 V 
F= D =dA+AQNA. (5.97) 


Note that this definition constrains F and A to be antihermitian in the case 
that the representation is complex and antisymmetric for real representa- 
tions.4 Under an infinitesimal Yang-Mills gauge transformation 


ôA =dA+ |A, A] and ôa F = [F, A], (5.98) 


where A is an infinitesimal Lie-algebra-valued zero-form. 
Gravity (in the vielbein formalism) is described in an almost identical 
manner. The spin connection one-form 


w= So wi (s)A da” (5.99) 
p,a 


is a gauge field for local Lorentz symmetry. The \°% are chosen to be in the 


4 To make contact with the hermitian fields that appear in the low-energy effective actions in a 
later chapter the fields have to be rescaled by a factor of i. 
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fundamental representation of the Lorentz algebra (D x D matrices). The 
curvature two-form is 
R= dw +w ^w. (5.100) 


Under an infinitesimal local Lorentz transformation (with infinitesimal pa- 
rameter ©) 


dew = dO + [w, O] and deR = |R, 9]. (5.101) 


Characteristic classes are differential forms, constructed out of F and R, 
that are closed and gauge invariant. Thus X(R, F’) is a characteristic class 
provided that 


dX (R,F) =0 and ôA X (R, F) = ôo X (R, F) = 0. (5.102) 
Some examples are 

tr(F A... A F) = tr(F*), (5.103) 

tr(RA...A R) = tr(R*), (5.104) 


as well as polynomials constructed out of these building blocks using wedge 
products. 


Characterization of anomalies 


Yang-Mills anomalies and local Lorentz symmetry anomalies (also called 
gravitational anomalies) in D = 2n dimensions are encoded in a character- 
istic class that is a (2n + 2)-form, denoted Ign+42. You can’t really anti- 
symmetrize 2n + 2 indices in 2n dimensions, so these expressions are a bit 
formal, though they can be given a precise mathematical justification. In 
any case, the physical anomaly is characterized by a 2n-form Gən, which 
certainly does exist. The precise formula is 


ioe / Gon. (5.105) 


Here, Seg represents the quantum effective action and the variation 6 is an 
infinitesimal gauge transformation. The formulas for Gon are rather ugly and 
subject to the ambiguity of local counterterms and total derivatives. On the 
other hand, by pretending that there are two extra dimensions, one uniquely 
encodes the anomalies in beautiful expressions Io,42. Moreover, any Gop, 
that is deduced from an I2n+2 by the formulas that follow is guaranteed to 
satisfy the Wess—Zumino consistency conditions. 
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The anomaly Gən is obtained from [2,42 (in a coordinate patch) by the 
descent equations 


Ton42 = dwonti (5.106) 


and 
dWan+1 = dGon. (5.107) 


Here 6 represents a combined gauge transformation (that is, ô = 6, + de). 
The ambiguities in the determination of the Chern—Simons form w2n+41 and 
the anomaly form G2, from these equations are just as they should be and do 
not pose a problem. The total anomaly is a sum of contributions from each 
of the chiral fields in the theory, and it can be encoded in a characteristic 
class 


ep i A (5.108) 
Q 


) 


The formulas for every possible anomaly contribution Z. iG 2 were worked out 
by Alvarez-Gaumé and Witten. Dropping an overall normalization factor, 
because the goal is to achieve cancellation, their results are as follows: 


e A left-handed Wey] fermion belonging to the p representation of the Yang- 
Mills gauge group contributes 


Tyo(R, F) = A(R) tr ef | (5.109) 


2n+2- 
The notation [---]an4+2 means that one should extract the (2n + 2)-form 
part of the enclosed expression, which is a sum of differential forms of 
various orders. The factor trpe” is called a Chern character. The Dirac 


roof genus A(R) is given by 


A(R) = II es (5.110) 


where the A; are the eigenvalue two-forms of the curvature: 


0 A 
—à 0 
0 A 


SA A (5.111) 
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The first few terms in the expansion of A(R) are 


! = Bis 112 
pik’ +z | (trR?)? + —trR*| + (5.112) 


A(R) =1 
aaa 288 360 





e A left-handed Weyl gravitino, which is always a singlet of any Yang-Mills 
groups, contributes [3/2(R), where 


di /2 
e A self-dual tensor gives a contribution denoted I4(R), where 
1 
I4(R) = —gl{R), (5.114) 


where the Hirzebruch L-function is defined by 


n 


Ài 
L(R)=]]| Gi (5.115) 
i=1 





In each case a chiral field of the opposite chirality (right-handed instead of 
left-handed) gives an anomaly contribution of the opposite sign. An identity 
that will be used later is 


A(R/2) = y L(R/4)Â(R), (5.116) 


which is an immediate consequence of Eqs (5.110) and (5.115). 


Type IIB superstring theory 


Type IIB superstring theory is a ten-dimensional parity-violating theory, 
whose massless chiral fields consist of two left-handed Majorana-Weyl grav- 
itinos (or, equivalently, one Weyl gravitino), two right-handed Majorana- 
Weyl spinors (or dilatinos) and a self-dual boson. Thus the total anomaly 
is given by the 12-form part of 


I(R) = Igy(R) ~ Lyja(R) + TaB). (5.117) 


An important result of the Alvarez-Gaumé and Witten paper is that this 
12-form vanishes, so that this theory is anomaly-free. The proof requires 
showing that the expression 

5 5 5 
rj /2 1 Ài 
2 hà; 2) 5.118 
( 3 SOTA lI sinhà;/2 8 lI tanh; ( ) 


i=1 i=1 
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contains no terms of sixth order in the \;. This involves three nontrivial 
cancellations. The relevance of this fact to the type I theory is that it allows 
us to represent I3/(R) by Iy/2(R) — I4(R). This is only correct for the 
12-form part, but that is all that is needed. 


Type I superstring theory 


Type I superstring theory has 16 conserved supercharges, which form a 
Majorana—Weyl spinor in ten dimensions. The massless fields of type I 
superstring theory consist of a supergravity multiplet in the closed-string 
sector and a super Yang-Mills multiplet in the open-string sector. 


The supergravity multiplet 


The supergravity multiplet contains three bosonic fields: the metric (35), a 
two-form (28), and a scalar dilaton (1). The parenthetical numbers are the 
number of physical polarization states represented by these fields. None of 
these is chiral. It also contains two fermionic fields: a left-handed Majorana- 
Weyl gravitino (56) and a right-handed Majorana—Wey] dilatino (8). These 
are chiral and contribute an anomaly given by 


1 


Tsugra T ; [Z3/2(R) = Ty/2(R)| 127 5 [Ta(R)]12 = = 


5 = [E(P (5-119) 


The super Yang-Mills multiplet 


The super Yang-Mills multiplet contains the gauge fields and left-handed 
Majorana-Weyl fermions (gauginos), each of which belongs to the adjoint 
representation of the gauge group. Classically, the gauge group of a type I 
superstring theory can be any orthogonal or symplectic group. In the fol- 
lowing we only consider the case of SO(N), since it is the one for which the 
desired anomaly cancellation can be achieved. In this case the adjoint repre- 
sentation corresponds to antisymmetric N x N matrices, and has dimension 
N(N — 1)/2. 

Adding the anomaly contribution of the gauginos to the supergravity con- 
tribution given above yields 


1 


x : 1 
I = |ZÂ(R) Tref + 


—L(R : 5.120 
GHP) (5.120) 
The symbol Tr is used to refer to the adjoint representation, whereas the 
symbol tr is used (later) to refer to the N-dimensional fundamental repre- 


sentation. 
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The Chern-character factorization property 
fie = (trae) (trpe) (5.121) 
allows us to deduce that, for SO(N), 


; 1 ; 1 ; 1 1 
Tres (tre’”)? — tre” = — (trcosF)* — <tr cos2F. (5.122) 
2 2 2 2 
The last step used the fact that the trace of an odd power of F vanishes, 
since the matrix is antisymmetric. 
Substituting Eq. (5.122) into Eq. (5.120) gives the anomaly as the 12-form 
part of 


a 1 
A(R)tr cos2F + gt ® (5.123) 


Since this is of sixth order in Rs and F's, the following expression has the 


ee 
I= 74) (tr cosF)? — 


Ale 


same 12-form part: 
1s : 
i= ZAR) (tr cosF)* — 16.A(R/2)tr cosF + 256L(R/4). (5.124) 


Moreover, using Eq. (5.116), this can be recast as a perfect square 


ie 
r=y? where Ys 5 A(R)tr cosF’ — 16y L(R/4). (5.125) 


There is no choice of N for which [J’]12 = [I]i2 vanishes. However, as is 
explained later, it is possible to introduce a local counterterm that cancels 
the anomaly if [I]12 factorizes into a product of a four-form and an eight- 
form. 


Indeed, a priori, Y is a sum of forms Yo + Y4 + Ys +... However, if the 
constant term vanishes (Yo = 0), then 


[Tie = [(Y1 + Ys +.. l2 = 2Y4Y3, (5.126) 


as required. To evaluate the constant term Yo, note that L and A are each 
equal to 1 plus higher-order forms and that trcos F = N+... Thus 
N — 32 

2 ’ 
and the desired factorization only works for the choice N = 32 in which case 
the gauge algebra is SO(32). 

Let us express Y as a sum of two terms Yg + Yc, where 


i. tz 
Ype = zV A(R) tr cos F' (5.128) 





Yo = (5.127) 
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and 
Yo = —16,/L(R/4). (5.129) 


This decomposition has a simple interpretation in terms of string world 
sheets. Yg is the boundary — or D-brane — contribution. It carries all the 
dependence on the gauge fields. Yc is the cross-cap — or orientifold plane — 
contribution. Note that 


T! = Y° = YÈ + 2¥e¥o+Yé (5.130) 


displays the anomaly contributions arising from distinct world-sheet topolo- 
gies: the cylinder, the Moebius strip, and the Klein bottle, as shown in 
Fig. 5.3. 








< < — y 


cylinder Moebius strip Klein bottle 


Fig. 5.3. World-sheet topologies contributing to the anomaly in type I superstring 
theory. Opposite edges with arrows are identified with the arrow aligned. 


Cancellation of the anomaly requires a local counterterm, Set, with the 
property that 


5Sct = - f Gv, (5.131) 


where Gio is the anomaly ten-form that follows, via the descent equations, 
from [I]i2 = 2¥4Yg. As was mentioned earlier, there are inconsequential 
ambiguities in the determination of G19 from [J]12. A convenient choice in 
the present case is 


Gio = 2G2Yz, (5.132) 


where Gə is a two-form that is related to Y4 by the descent equations Y4 = 
dw3 and ĝw3 = dGz. This works because Yg is closed and gauge invariant. 
Specifically, for the normalizations given here, 


1 
Yi = JR? ~trF?) (5.133) 


5.4 Gauge anomalies and their cancellation 179 
and w3 = (w3 — w3y )/4, where 
dws, = trR? and dw3y = trF?. (5.134) 


The type I supergravity multiplet contains a two-form gauge field denoted 
Cy. It is the only R-R sector field of the type IIB supergravity multiplet 
that survives the orientifold projection. In terms of its index structure, it 
would seem that the field C2 should be invariant under Yang-Mills gauge 
transformations and local Lorentz transformations. However, it does trans- 
form nontrivially under each of them in just such a way as to cancel the 
anomaly. Specifically, writing the counterterm as 


Sa =u | Ca, (5.135) 
Eq. (5.131) is satisfied provided that 


pdC = —2Go. (5.136) 


The coefficient u is a parameter whose value depends on normalization con- 
ventions that are not specified here. 

One consequence of the nontrivial gauge transformation properties of the 
field C2 is that the naive kinetic term f |dC2|? must be modified to give 
gauge invariance. The correct choice is f |F3|? , where 


F; = dC + 2p tws. (5.137) 


Note that w3 contains both Yang-Mills and Lorentz Chern-Simons forms. 
Only the former is present in the classical supergravity theory. 


The case of Eg x Eg 


The preceding discussion presented the anomaly analysis for the type I the- 
ory in a way where the physical meaning of the various terms could be 
understood. In order to describe the situation for the Eg x Eg theory, it is 
useful to begin by backing up and presenting the same result from a more 
“brute force” viewpoint. 

Writing down the various contributions to the anomaly 12-form charac- 
teristic class, one finds that the required factorization into a product of a 
four-form and an eight-form (Ij2 ~ Y4Yg) requires that two conditions be 
satisfied: (1) the dimension of the gauge group must be 496 to ensure can- 
cellation of trR® terms, a condition that is satisfied by both SO(32) and 


180 Strings with space-time supersymmetry 


Eg x Eg; (2) TrF® must be re-expressible as follows: 


1 
14, 400 
This identity is satisfied in the case of SO(32) because of the following iden- 


tities relating adjoint representation traces to fundamental representation 
traces: 


TrFî = arene — (TrF?)’. (5.138) 


TrF? = 30 trF?, (5.139) 
TrF* = 24 trF* + 3(trF?)?, (5.140) 
Ter? = 15 trF? tee (5.141) 


These identities follow from Eq. (5.122). Given these formulas, the factorized 
anomaly can be written in the form J12 ~ X4Xg,° where 


X4 =trR? = lr? (5.142) 
30 
and 
X; = tert = (rR?) — RTF? + J ppt t (TrF?)?. (5.143) 
8 32 240 24 7200 


In the case of Eg x Es, Eq. (5.138) is also satisfied, and X4 and Xg are 
again given by Eqs (5.142) and (5.143). To see this one needs to understand 
first that 


TF” = TF + Tr F”, (5.144) 


where the subscripts 1 and 2 refer to the two individual Ex factors. In other 


words, 
F 0 
F= : 14 
( 0 3 (5.145) 


Thus this formula re-expresses the trace of a 496-dimensional matrix as the 
sum of the traces of two 248-dimensional matrices. 

The following identities hold for each of the two Eg groups: 

1 
7200 
Using these relations it is straightforward to verify Eq. (5.138). These for- 
mulas have a certain black-magic quality. It would be more satisfying to 


1 
Tsa and TrFÊ = (TrF?)> i=1,2. (5.146) 


obtain a deeper understanding of where they come from, as was done in the 


5 We have introduced X4 = 4Y4 and Xg = 48Y8. 
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type I case. Such an understanding was achieved by Hořava and Witten in 
1995, and it is very different from that of the type I theory. 

The key observation of Hořava and Witten was that at strong coupling 
the Eg x Eg heterotic string theory grows an eleventh dimension that is a 
line interval of length gsls. In the detailed construction, which is described in 
Chapter 8, it is convenient to represent the line interval as an S1 /Z orbifold. 
Since the size of this dimension is proportional to the string coupling, it is 
invisible in perturbation theory, where the space-time appears to be ten- 
dimensional. However, a deeper understanding of the anomaly cancellation 
can be achieved by reconsidering it from an 11-dimensional viewpoint. 

Theories in an odd number of space-time dimensions ordinarily are not 
subject to anomalies. However, in the case of the M-theory set-up appropri- 
ate to the Eg x Eg theory, the space-time has two ten-dimensional bound- 
aries, and there can be anomalies that are localized on these boundaries. 
The picture one gets is that each of the Eg factors is associated with one of 
the boundaries. Thus, one set of Eg gauge fields is localized on one bound- 
ary and the other set of Eg gauge fields is localized on the other boundary. 
This gives a very nice intuitive understanding of why the gauge group is the 
direct product of two identical groups. Indeed, Hořava and Witten carried 
out the anomaly analysis in detail and showed that, when M-theory has a 
ten-dimensional boundary, there must be an Eg vector supermultiplet con- 
fined to that boundary. No other choice of gauge group is consistent with the 
anomaly analysis. This is one of many deep connections between M-theory 
and the Lie group Es. 

Since the two Eg groups are spatially separated, the anomaly analysis 
should work for each of them separately. This requires that the factor- 
ized anomaly 12-form should be re-expressible as the sum of two factorized 
anomaly 12-forms 


X4X_ = XOXO 4 XOXO), (5.147) 


where the first term on the right-hand side only involves the gauge fields 
of the first Eg, and the second term only involves the gauge fields of the 
second Eg. It is a matter of some straightforward algebra to verify that this 
identity is satisfied for the choices 


ee I 1 
and 
XO = lrRt4 l (tR?) treet 4+—_(Tr?2)? i= 1,2. (5.149) 
8 8 32 120 îi | 3600 d i 
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Finally, the local counterterms that complete the anomaly analysis have the 
structure >>, f BON xe, where the integral is over the ith boundary. The 
field B® is obtained from the M-theory three-form field Ayvp by setting 
one index equal to 11 (the compact direction) and restricting to the ith 
boundary. 





EXERCISES 





EXERCISE 5.9 

Let us consider supergravity theories in six dimensions with M = 1 super- 
symmetry. Let us further assume that the minimal supergravity multiplet is 
coupled to a tensor multiplet as well as ny hypermultiplets and ny vector 
multiplets. Show that a necessary condition for anomaly cancellation is 


nH — ny = 244. 


SOLUTION 


The fields of the gravity and tensor multiplets combine to give a graviton 
Juv, a two-form Bv, a scalar, a left-handed gravitino and a right-handed 
dilatino. The reason for combining these two multiplets is that one of them 
gives the self-dual part of H = dB and the other gives the anti-self-dual part. 
A vector multiplet contains a vector gauge field and a left-handed gaugino. 
A hypermultiplet contains four scalars and a right-handed hyperino. There- 
fore, the total purely gravitational anomaly is given by the eight-form part 
of 


T3/9(R) + (nv — ny — 1)h (R). 


Using the formulas in the text, the eight-form parts of [,/2(R) and I3/2(R) 
are 


(8) = 1 4 2\2 
Ty j9(R) SCRE TT ggo (4 + 5(trR*)*), 
(8) 4 2\2 
z= =3i 
IaB) ore 730 (289 trR 5(trR*)*) 


By the same reasoning as in the text, a necessary requirement for anomaly 
cancellation is that the total anomaly factorizes into a product of two four- 
forms. A necessary requirement for this to be possible is the cancellation of 
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the trR* terms, since trR* cannot be factorized. This requirement gives the 
condition 980 + 4(ny — ny — 1) = 0, which simplifies to ny — ny = 244. O 





EXERCISE 5.10 

The type IIA NS5-brane, which is introduced in Chapter 8, has a six- 
dimensional world-volume theory with (0,2) supersymmetry. This means 
that both supercharges have the same chirality. As a result, the theory is 
chiral, and there is an anomaly associated with it. The resulting anomaly 
cannot be canceled by the methods described in this chapter. Instead, the 
brane has interactions with fields of the ten-dimensional bulk that lead to an 
anomaly-inflow mechanism that cancels the anomaly. Determine the form 
of this interaction required for the cancellation. 


SOLUTION 


The NS5-brane world volume has M = 2 supersymmetry, and the field con- 
tent is given by two matter multiplets. The first multiplet contains four 
scalars and a right-handed fermion. The second multiplet contains one anti- 
self-dual tensor, a single scalar and another right-handed fermion. Of these 
fields only the fermions and the anti-self-dual tensor are chiral and con- 
tribute to the anomaly. Since the theory is six-dimensional, the anomalies 
are characterized by eight-forms. For this problem, it is desirable to keep 
track of the overall normalization, which was not relevant in the previous 
discussions. For this purpose it is convenient to express the anomalies in 
terms of Pontryagin classes. These are defined by the formula 


p(R) = det (1 + =) = Il (1 + (Xi/2n)?). 


i=1 
Thus 
1 1 


2 Gn? 


1 
(2m)* 








trR? and p= ((trR?)? — 2trR’*) 


oo| = 


and so forth. 
Expressed in terms of Pontryagin classes, including the overall normaliza- 
tion factor, the anomalies are 
6) t 2 e) 1 2 
1/2 = ggg (P17 42) and TA = grog (16pj — 112p) . 
So the total anomaly on the NS5-brane world volume is 





A A 1 1 1 1 
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The descent equations in this case can be written in the form Ig = dw7 
and dw7 = dGg. The anomaly Ge is a certain six-form that depends on the 
infinitesimal parameter of a local Lorentz transformation. 

The type IIA theory contains a massless antisymmetric tensor Bə in the 
NS-NS sector with a field strength H3 = dB2. Now suppose that the low- 
energy effective action of the type IIA theory contains the term 


iz A w7. 


Under infinitesimal local Lorentz transformations this expression has the 
variation 


5 | Hynwr= | HyndGe=— | dis AGs: 


The NS5-brane is a source for the gauge field B2, a fact that can be expressed 
in the form 


dH; = ow, 


where dw is a four-dimensional delta function with support on the 5-brane 
world volume. Therefore, in the presence of a 5-brane the variation of this 
term under an infinitesimal local Lorentz transformation is — f Ge. This 
term exactly cancels the anomaly contribution due to the chiral fields on 
the 5-brane world volume. Therefore, quantum consistency requires the 
ten-dimensional interaction f H3 A w7. 

Let us jump ahead in the story and mention that the strong-coupling limit 
of the type IIA theory is an 11-dimensional theory called M-theory. In the 
strong-coupling limit the type IIA NS 5-brane goes over to the M5-brane in 
11 dimensions. Also, the two-form Bə becomes part of a three-form potential 
As with a four-form field strength Fy = dA3. The corresponding interaction 
in M-theory that cancels the world-volume anomaly of the M5-brane has 


[ Finer 


the form 








HOMEWORK PROBLEMS 





PROBLEM 5.1 
Show that the action in Eq. (5.21) is invariant under a reparametrization of 
the world line. 
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PROBLEM 5.2 
In order to obtain a nontrivial massless limit of Eq. (5.21), it is useful to 
first restore the auxiliary field e(r) described in Chapter 2. 


(i) Re-express the massive D0-brane action with the auxiliary field e(7). 
(ii) Find the massless limit of the D0-brane action.® 
(iii) Verify the « symmetry of the massless D0-brane action. 


PROBLEM 5.3 
Prove that, for a pair of Majorana spinors, 0; and Og, the flip symmetry is 
given by 


OD pig -tin 2 = (DOTY? oD yas jin O1, 


as asserted at the end of Exercise 5.2. 


PROBLEM 5.4 
Derive the relevant Fierz transformation identities for Majorana—Wey] spinors 
in ten dimensions and use them to prove that 


Td dÖT „dO = 0. 


PROBLEM 5.5 
Verify that the action (5.41) with Q2 given by Eq. (5.55) is invariant under 
supersymmetry transformations. 


PROBLEM 5.6 
Prove the identity 


{Davis Fun} = ~Nan riv + 2Nuyv2Mipe + 2 pirun, 


invoked in Exercise 5.5. 


PROBLEM 5.7 
Verify that the action (5.62) is supersymmetric. 


PROBLEM 5.8 

Construct the conserved supersymmetry charges for open strings in the 
light-cone gauge formalism of Section 5.3 and verify that they satisfy the 
supersymmetry algebra. Hint: the 16 supercharges are given by two eight- 
component spinors, Qt and Q~. The Q*s anticommute to Pt, the Q~ s 


6 This is sometimes called the Brink—Schwarz superparticle. 
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anticommute to P~, and the anticommutator of Qt and Q7 gives the trans- 
verse momenta. 


PROBLEM 5.9 


(i) Show that trF A F is closed and gauge invariant. 

(ii) This quantity is a characteristic class proportional to c2, the second 
Chern class. Since it is closed, in a local coordinate patch one can 
write trF A F = dw3, where w3 is a Chern—Simons three-form. Show 
that 


2 
ws=tr(AAdA+ AN AAA). 


(iii) Similarly, one can write trF4 = dwy. Find wy. 


PROBLEM 5.10 
Check the identity in Eq. (5.122) for SO(N). 


PROBLEM 5.11 


(i) Using the definition of Y in Eq. (5.125), obtain an expression for Y4. 
(ii) Apply the descent formalism to obtain a formula for G2 in Eq. (5.132). 


PROBLEM 5.12 
Prove the relations given in Eqs (5.139)—(5.141). 


PROBLEM 5.13 
Verify that the identity (5.138) is satisfied for the gauge group Eg x Es. 


PROBLEM 5.14 

There is no string theory known with the gauge groups Eg x U(1)**° or 
U(1)*°°. Nevertheless, the anomalies cancel in these cases as well. Prove 
that this is the case. Hint: infer the result from the fact that the anomalies 
cancel for Eg x Esg. 


248 


PROBLEM 5.15 
Prove that TrF+ = sag (Tr 2)? for the adjoint representation of Eg. Hint: 
use the Spin(16) decomposition 248 = 120 + 128. 


6 
T-duality and D-branes 


String theory is not only a theory of fundamental one-dimensional strings. 
There are also a variety of other objects, called branes, of various dimension- 
alities. The list of possible branes, and their stability properties, depends on 
the specific theory and vacuum configuration under consideration. One clue 
for deciphering the possibilities is provided by the spectrum of massless par- 
ticles. Chapters 4 and 5 described the spectra of massless states that appear 
in the type I and type II superstring theories in ten-dimensional Minkowski 
space-time. In particular, it was shown that several antisymmetric tensor 
(or differential form) gauge fields appear in the R-R sector of each of the 
type II theories. These tensor fields couple naturally to higher-dimensional 
extended objects, called D-branes. However, this is not the defining prop- 
erty of D-branes. Rather, the defining property is that D-branes are objects 
on which open strings can end. A string that does not touch a D-brane must 
be a closed loop. Those D-branes that have charge couplings to antisym- 
metric tensor gauge fields are stable, whereas those that do not usually are 
unstable. 

One way of motivating the necessity of D-branes is based on T-duality, so 
this chapter starts with a discussion of T-duality of the bosonic string the- 
ory. Under T-duality transformations, closed bosonic strings transform into 
closed strings of the same type in the T-dual geometry. The situation is dif- 
ferent for open strings, however. The key is to focus on the type of boundary 
conditions imposed at the ends of the open strings. Even though the only 
open-string boundary conditions that are compatible with Poincaré invari- 
ance (in all directions) are of Neumann type, Dirichlet boundary conditions 
inevitably appear in the equivalent T-dual reformulation. Open strings with 
Dirichlet boundary conditions in certain directions have ends with specified 
positions in those directions, which means that they have to end on specified 
hypersurfaces. Even though this violates Lorentz invariance, there is a good 
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physical reason for them to end in this manner. The reason this is sensible 
is that they are ending on other physical objects that are also part of the 
theory, which are called Dp-branes. The letter D stands for Dirichlet, and p 
denotes the number of spatial dimensions of the D-brane. For example, as 
discussed in the previous chapter, a D0-brane is a point particle. When the 
time direction is also taken into account, the world volume of a Dp-brane 
has p+ 1 dimensions. 

Much of the importance of Dp-branes stems from the fact that they pro- 
vide a remarkable way of introducing nonabelian gauge symmetries in string 
theory: nonabelian gauge fields naturally appear confined to the world vol- 
ume of multiple coincident Dp-branes. Moreover, Dp-branes are useful for 
discovering dualities that relate apparently different string theories. T- 
duality is introduced in this chapter, because it can be understood in pertur- 
bative string theory. Most other string dualities are nonperturbative. The 
general subject of string dualities is discussed in more detail in Chapter 8. 


6.1 The bosonic string and Dp-branes 
T-duality and closed strings 


In order to introduce the notion of T-duality, let us first consider the sim- 
plest example, namely the bosonic string with one of the 25 spatial directions 
forming a circle of radius R. Altogether, the space-time geometry is cho- 
sen to be 25-dimensional Minkowski space-time times a circle (R24! x S1). 
Sometimes one describes this as compactification on a circle of radius R. 
In this case a T-duality transformation inverts the radius of the circle, that 
is, it maps R > R=d' /R, and it leaves the mass formula for the string 
invariant provided that the string winding number is exchanged with the 
Kaluza—Klein excitation number. Let us now explore how this works. 

To describe a closed bosonic string in a theory compactified on a circle of 
radius R, one takes periodic boundary conditions for one of the coordinates 


X*®(g¢ 4+2,7) = X*°(0,7) + 2r RW, W €Z, (6.1) 


where W is the winding number. The winding number W indicates the 
number of times the string winds around the circle and its sign encodes the 
direction, as shown in Fig. 6.1. Let us now consider the mode expansion for 
a closed string with winding number W. The expansion of the coordinates 
X", for u = 0,...,24, does not change compared to the expansion in flat 26- 
dimensional Minkowski space given in Chapter 2. However, the expansion 
of X*°(c,T) has to be changed, by adding a term linear in ø, in order to 


6.1 The bosonic string and Dp-branes 189 
incorporate the boundary condition (6.1). The expansion is 
X” (a7) = £” + 20' pt + 2RW0 +... (6.2) 


where the coefficient of o is chosen to satisfy (6.1). The dots refer to the 
oscillator terms, which are not modified by the compactification. 


i Taa 
\ {\ /0 rahe 


Fig. 6.1. Strings winding around a compact direction. 











Since one dimension is compact, the momentum eigenvalue along that 
direction, p”, is quantized. Remember that the quantum mechanical wave 
function contains the factor exp(ip??x”°). 
by 27R, corresponding to going once around the circle, the wave function 
should return to its original value. In other words, it should be single-valued 


on the circle. This implies that the momentum in the 25 direction is of the 


As a result, if z? is increased 


form 
K 
25 
=, K €Z. 6.3 
> (6.3) 
The integer K is called the Kaluza-Klein excitation number. Splitting the 
expansion into left- and right-movers, 








X” (6,7) = X(T +0) + XZ (T —o), (6.4) 
gives 
25 I. 25 >25 ,K 
Xg (T o)=5(2 z^) (aS WR)(t-o)+..., (6.5) 
25 l, 25 (2395 ,K 
XÉ ra= + )t (Ap WRI Fo) Fa (6.6) 
where 7% is a constant that cancels in the sum. In terms of the zero modes 


a? and a2°, defined in Chapter 2, the mode expansion is 








1 

XP(r -0)= 5 (ue Z5) + Va'a (ro) +..., (6.7) 
1 

XP (ea) Sac? +3”) 420 or oy Ak, (6.8) 


2 
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where 
K 
V2a'a = al — WR, (6.9) 
K 
V2a!a2> = als +WR. (6.10) 


The mass formula for the string with one dimension compactified on a cir- 
cle can be interpreted from a 25-dimensional viewpoint in which one regards 
each of the Kaluza—Klein excitations (labelled by K) as distinct particles. 
The 25-dimensional mass squared is given by 


24 
M? =—S pu". (6.11) 
u=0 


On the other hand, the requirement that the operators Lo — 1 and Lo — 1 
annihilate on-shell physical states still holds. The expressions for Lo and 
Lo include contributions from all 26 dimensions, including the 25th. As a 
result, the equations Lo = 1 and Lo = 1 become 


1 
z% M? = (G25)? + 2M, — 2 = (a25)? + 2NR — 2. (6.12) 


Taking the sum and difference of these formulas, and using Eqs (6.9) and 
(6.10), gives 


NeR- N, =WK (6.13) 


KY? (WR 

R al 
Note that Eq. (6.13) shows how the usual level-matching condition Ny, = Ne 
is modified for closed strings with both nonzero winding number W and 


and 


/ / 
a'M? =a 





+ 2N, + 2NR — 4. (6.14) 








nonzero Kaluza—Klein momentum K. 

Equations (6.13) and (6.14) are invariant under interchange of W and K, 
provided that one simultaneously sends R > R = a'/R. This symmetry of 
the bosonic string is called T-duality. It suggests that compactification on 
a circle of radius R is physically equivalent to compactification on a circle 
of radius R. In fact, this turns out to be exactly true for the full interacting 
string theory, at least perturbatively.! 

In the example considered here, T-duality maps two theories of the same 
1 It is unclear whether the bosonic string theory actually exists nonperturbatively (due to the 


closed-string tachyon), so that it is only sensible to discuss this theory at the perturbative level. 
However, the corresponding statements for superstrings are true nonperturbatively, as well. 
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type (one with a circle of radius R and one with a circle of radius R = a’ /R) 
into one another. The physical equivalence of a circle of radius R and a 
circle of radius R is a clear indication that ordinary geometric concepts and 
intuitions can break down in string theory at the string scale. This is not so 
surprising once one realizes that this is the characteristic size of the objects 
that are probing the geometry. Note that the W + K interchange means 
that momentum excitations in one description correspond to winding-mode 
excitations in the dual description and vice versa. 
Omitting the superscript 25, the transformation can be expressed as 


ag > Qo and ao _- ao, (6.15) 


as becomes clear from Eqs (6.9) and (6.10). In fact, it is not just the zero 
mode, but the entire right-moving part of the compact coordinate that flips 
sign under the T-duality transformation 


XR > -XR and XL > Xz. (6.16) 


It is evident that this is a symmetry of the theory as physical quantities 
such as the energy-momentum tensor and correlation functions are invariant 
under this transformation. Equivalently, X is mapped into 


X(o,7) = XL(T+0)-— XrR(T-0), (6.17) 


which has an expansion 


K 
X(0,T) =#+2a' So + 2RWr +... (6.18) 


Note that the coordinate x, which parametrizes the original circle with pe- 
riodicity 27R, has been replaced by a coordinate z. It is clear that this 
parametrizes the dual circle with periodicity 2r R, because its conjugate 
momentum is pË = RW/a! = W/R. 


T-duality and the sigma model 


The conclusion that T-duality interchanges X(r,o) and X(r,o) can also 
be understood from a world-sheet viewpoint. Consider the following world- 
sheet action: 


1 
J (GV Ve °P X AgVa) da, (6.19) 
where an overall constant coefficient is omitted, because the considerations 


that follow are classical. Varying X, which acts as a Lagrange multiplier, 
gives the equation of motion €%? Va = 0, which can be solved by setting 
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Va = OX , for an arbitrary function X. Substituting this into the action 
gives 


; J ŽIŤ do. (6.20) 


Alternatively, varying Va in the original action gives the equation of motion 
Va = —€Ea OgX . Substituting this into the original action and using 


Peal = — 7, (6.21) 
where the minus sign is due to the Lorentzian signature, gives 
; / O° XOX do. (6.22) 
If we compare the two formulas for Vą we get 
aX = ex? 3B X, (6.23) 


which is equivalent to the rule in Eq. (6.16). This type of world-sheet analysis 
of T-duality is repeated in a more general setting including background fields 
later in this chapter. Toroidal generalizations are discussed in the next 
chapter. 


T-duality and open strings 
Boundary conditions 


The dynamics of a bosonic string in 26-dimensional Minkowski space-time 
is described in conformal gauge by the action 


1 
S=- J drdo n° ða X" 3gX p. (6.24) 


Ara!’ 





For a small variation âX”, the variation of the action consists of a bulk term, 
whose vanishing gives the equations of motion, plus a boundary contribution 


1 O=T 
6S = -z5 far oX ðX". (6.25) 


As was discussed in Chapter 2, making this boundary variation vanish re- 
quires imposing suitable boundary conditions at the ends of open strings. 
The only choice of boundary conditions that is compatible with invariance 
under Poincaré transformations in all 26 dimensions is Neumann boundary 
conditions for all components of X” 


2 ia T)=0, for 6 0a: (6.26) 
Oo 


6.1 The bosonic string and Dp-branes 193 


A natural question to ask at this point is what happens when a T-duality 
transformation is applied to a theory containing open strings. The first 
thing to note about open strings in a theory that is compactified on a circle 
is that they have no winding modes. Topologically, an open string can always 
be contracted to a point, so winding number is not a meaningful concept. 
Since the winding modes were crucial to relate the closed-string spectra of 
two bosonic theories using T-duality, one should not expect open strings to 
transform in the same way. Let us look at this in more detail. 

In order to find the T-dual of an open string with Neumann boundary 
conditions, recall that in Chapter 2 we saw that the mode expansion for a 
space-time coordinate with Neumann boundary conditions is 


1 apes 
X(t,0)=a24+prt+i 5 ane T cos(na), (6.27) 
n#0 
where we have set l = 1 or equivalently a’ = 1/2. It is convenient to split 


the mode expansion into left- and right-movers, just as was done for closed 
strings. The expansions for these fields are 








—-x 1 1 1 ; 
Xr(T-0)= £ 5 a 5P(T o)+ 5 `> one, (6.28) 
n#0 
£+ x 1 i 1 —in(T+0) 
XL(T +0) = oe 5 PUT + o) 4 2A ane (6.29) 
n#0 


Compactifying, once again, on a circle of radius R and carrying out a 
T-duality transformation gives 


XR = —XR and XL = XL. (6.30) 


For the dual coordinate in the 25 direction this implies 


2 1 , 
X(7,0) = XL — XR = +po + y —ane ”” sin(no). (6.31) 
n 
n#0 


Now let us read off the properties of the T-dual theory. First, the dual open 
string has no momentum in the 25 direction, since Eq. (6.31) contains no 
term linear in 7. Therefore, the coordinate of the T-dual open string only 
undergoes oscillatory motion. Next, Eq. (6.31) can be used to read off the 
boundary conditions satisfied by the T-dual open string in the circular X 
direction. At o = 0,7 the position of the string is fixed, since the oscillator 
terms vanish. This means that T-duality maps Neumann boundary condi- 
tions into Dirichlet boundary conditions (and vice versa) in the relevant 
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directions, as can be seen by comparing the original field (6.27) with the 
T-dualized field (6.31). Explicitly, the boundary conditions are 


K 2 
X(r,0) =% and X(T, n) =%+ > =%+2rKR, (6.32) 


where we have used p = K/R and R = a'/R = 1/(2R) for the dual radius. 
Observe that this string wraps the dual circle K times. This winding mode 
is topologically stable, since the end points of the string are fixed by the 
Dirichlet boundary conditions. Therefore, this string cannot unwind without 
breaking. 








E — 








Fig. 6.2. Dp-branes and open strings ending on them. 


D-branes 


T-duality has transformed a bosonic open string with Neumann boundary 
conditions on a circle of radius R to a bosonic open string with Dirichlet 
boundary conditions on a circle of radius R. We started with a string that 
has momentum and no winding in the circular direction and ended up with 
a string that has winding but no momentum in the dual circular direction. 
The ends of the dual open string are attached to the hyperplane X= Z, and 
they can wrap around the circle an integer number of times. The hyperplane 
X = č is an example of a Dirichlet-brane or a D-brane for short. In general, 
a D-brane is defined as a hypersurface on which an open string can end, as 
illustrated in Fig. 6.2. The important point to appreciate, though, is that 
this is not just an arbitrary location in empty space. Rather, it is a physical 
object. Usually one specifies the dimension of the brane and calls it a Dp- 
brane, where p denotes the number of spatial dimensions. In the example 
given here p = 24. By applying a T-duality transformation to open bosonic 
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strings with Neumann boundary conditions in all directions, we learned that 
in the dual theory the corresponding open strings have Dirichlet boundary 
conditions along the dual circle and therefore end on a D24-brane. 

This reasoning can be iterated by taking other directions to be circular and 
performing T-duality transformations in those directions, as well. Starting 
with n such circles (or an n-torus) one ends up with a T-dual description in 
which the open strings have Dirichlet boundary conditions in n directions. 
This implies that the string ends on a D(25 — n)-brane. What does this 
mean for the open strings in the original description, which had Neumann 
boundary conditions for all directions? Clearly this is just the n = 0 case, so 
those open strings should be regarded as ending on a space-time-filling D25- 
brane. In general, one can consider a set-up in which there are a number 
of D-branes of various dimensions. They are replaced by D-branes of other 
dimensions in T-dual formulations. 

To summarize: the general rule that we learn from the previous discussion 
is that if a D-brane wraps a circle that is T-dualized, then it doesn’t wrap 
the T-dual circle and vice versa. 


Open-string tachyons 


An important feature of the bosonic string theory is the existence of tachyons 
in the spectrum. As we saw in Chapter 2, this is true both for the closed- 
string spectrum and the open-string spectrum. It is also true for open strings 
that satisfy Dirichlet boundary conditions in some directions, as is shown in 
Exercise 6.1. 

Tachyons imply a quantum instability. The negative value of M? means 
that one is studying the theory at a point in field space where the effective 
potential is either at a maximum or a saddle point. This raises the follow- 
ing question: Where is the true vacuum? In the case of the open-string 
tachyons, it has been argued that the corresponding Dp-branes decay into 
closed-string radiation. Thus, once the string coupling is turned on, the 
bosonic string theory doesn’t really contain any D-branes (and hence any 
open strings) as stable objects. Unless the coupling is very small, these 
D-branes decay rapidly. This picture has been borne out by detailed com- 
putations in Witten’s open-string field theory. The basic idea is to find a 
string field configuration that minimizes the energy density and to show that 
its depth relative to the unstable tachyonic vacuum equals the energy den- 
sity (or tension) of the space-time-filling D-brane. Using an approximation 
technique, called the level-truncation method, agreement to better than 1% 
accuracy has been achieved. 
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Chan—Paton charges, Wilson lines and multiple branes 


In the preceding construction a single Dp-brane appeared naturally after 
applying T-duality to an open string with Neumann boundary conditions. 
This section shows that, when several Dp-branes are present instead of a 
single one, something rather interesting happens, namely nonabelian gauge 
symmetries emerge in the theory. 

An open string can carry additional degrees of freedom at its end points, 
called Chan—Paton charges. These are degrees of freedom that were orig- 
inally introduced, when string theory was being developed as a model for 
strong interactions, to describe flavor quantum numbers of quarks and anti- 
quarks attached to the ends of an open string. The original idea was to de- 
scribe the global SU(2) isotopic spin symmetry acting on a quark—antiquark 
pair located at the ends of the string, but it was eventually realized that the 
construction actually gives a gauge symmetry. 


3 | 


n 
Fig. 6.3. Chan-Paton charges at the ends of an open string. 


The Chan-Paton factors associate N degrees of freedom with each of the 
end points of the string. For the case of oriented open strings, which is the 
case we have discussed so far, the two ends of the string are distinguished, 
and so it makes sense to associate the fundamental representation N with 
the ø = 0 end and the antifundamental representation N with the o = 7 
end, as indicated in Fig. 6.3. In this way one describes the gauge group 
U(N). 

For strings that are unoriented, such as type I superstrings, the represen- 
tations associated with the two ends have to be the same, and this forces the 
symmetry group to be one with a real fundamental representation, specif- 
ically an orthogonal or symplectic group. Each state is either symmetric 
or antisymmetric under orientation reversal, an operation that interchanges 
the two ends. If the massless vectors correspond to antisymmetric states, 
then there are N(N — 1)/2 of them and the group is SO(N). On the other 
hand, if they are symmetric, there are N(N + 1)/2 of them and the group is 
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USp(N). Since symplectic matrices are even-dimensional, the latter groups 
only exist for N even. 

Let us consider the case of oriented bosonic open strings. In this case, 
every state in the open-string spectrum now has an additional N? multiplic- 
ity. In particular, the N? massless vector states describe the U(N) gauge 
fields. Since the charges that are associated with the ends of a string are 
associated with an unbroken gauge symmetry, they are conserved. Also, the 
energy-momentum tensor does not depend on the new degrees of freedom, 
so the conformal invariance of theory is unaffected. In general, the Chan- 
Paton charges are nondynamical in the world-sheet theory, so that a unique 
index is associated with each world-sheet boundary in a scattering process 
such as the one depicted in Fig. 6.4. This three-point scattering amplitude 
(and similarly for other open-string amplitudes) contains an extra factor 


OF 6 OPE ey NU Ae (6.33) 


coming from the Chan—Paton matrices. The A matrices encode the charge 
states of the strings as described below. For a boundary on the interior of the 
string world sheet, one should sum over the associated Chan—Paton index, 
which gives a factor of N. This guarantees that the scattering amplitudes 
are invariant under the U(N) symmetry. 


l l 


m\\ J" 


m n 
Fig. 6.4. An interaction involving three open strings. 


A basis of open-string states in R?°! can be labeled by Fock-space states 


@ (as usual), momentum k, and a pair of integers i, j = 1,2,..., N labeling 
the Chan—Paton charges at the left and right ends of the string 
|e, k, ij). (6.34) 


This state transforms with charge +1 under U(1); and charge —1 under 
U(1);. To describe an arbitrary string state, we need to introduce N 2 her- 
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mitian matrices, the Chan—Paton matrices A;;, which are representation 
matrices of the U(N) algebra. An arbitrary state can then be expressed as 
a linear combination 


N 
JO, k, à) = $ lØ, kid) Aap. (6.35) 
ij=l 
String states become matrices transforming in the adjoint representation of 
U(N). There are now N? tachyons, N? massless vector bosons and so on. 
In a theory compactified on a circle, a flat potential? can have nontrivial 
physical effects analogous to the Aharanov-Bohm effect. If the component 
of the gauge potential along the circle takes nonzero constant values, it gives 
a holonomy matrix, or Wilson line, 


27R 
U = expi f Adz. (6.36) 
0 


Diagonalizing the hermitian matrix A by a constant gauge transformation 
allows it to be written in the form 





gäl, ERE Ou: (6.37) 
The presence of nonzero gauge fields, characterized by the Wilson line, 
breaks the U (N) gauge symmetry to the subgroup commuting with U. For 
example, if the eigenvalues of U are all distinct, the symmetry is broken 
from U(N) to U(1)%. 

In the presence of Wilson lines the momentum assigned to a string state 
|b, k, ij} gets shifted so that the wave function becomes 


eiP2?TR — -—i(8i-9;) (6.38) 


This is derived in Exercise 6.2 and explored further in a homework problem. 
Therefore, the momentum in the circular direction becomes fractional 

K i—ðj 
R 2R 
Applying the T-duality rules, one obtains the result that the 0;s describe 
the angular positions along the dual circle of N D24-branes. Indeed, since 
the momentum number gets mapped to the winding number, the fractional 
Kaluza-Klein excitation number introduced by the Wilson line is mapped 
to a fractional winding number. A fractional winding number means that 
the open string winds over a fraction of the circle, which is appropriate for 


KEZ. (6.39) 





p= 


2 A flat potential is one that gives a vanishing field strength, that is, F = dA+iA^A= 0. The 
factor of i appears when A is chosen to be hermitian (rather than antihermitian). 
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an open string connecting two separated D-branes. Only when 0; = 6; do 
we have an integer number of windings. This is illustrated in Fig. 6.5. 


AL 








Fig. 6.5. Strings with fractional and integer winding number. 
The mode expansion of the dual ij open string becomes 
S25 > pes 0; — 0i 
T 


so that one end is at čo + OR and the other end is at % + 0; R. This is 
interpreted as an open string whose o = 0 end is attached to the ith D-brane 
and whose o = m end is attached to the jth D-brane. Note that diagonal 
strings wind an integer number of times around the circle while off-diagonal 
strings generally do not. 


The spectrum 


The masses of the particles in the ij open-string spectrum of the bosonic 





string theory compactified on a circle are® 
K 6,307.1 
M2. = —— d N —1). 6.41 
K (5 j 2r R ) a! ( ) ( ) 


This formula follows from the mass-shell condition and the fact that the p?° 
component of the momentum is shifted according to Eq. (6.39). 

Equation (6.41) shows that if all of the 6;s are different, the only massless 
vector states are ones that arise from strings starting and ending on the 
same D-brane without wrapping the circle. All other vector string states 
are massive. Therefore, when no D-branes coincide, there are N different 
massless U(1) vectors given by the diagonal strings with K = 0. Asa result, 
the unbroken gauge symmetry is U(1)%. 


3 The number operator N should not be confused with the rank of the gauge group. 
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If two is are equal, so that two of the D-branes coincide, two extra off- 
diagonal string states become massless. This enhances the gauge symmetry 
from U(1) x U(1) to U(2). If the D-branes are moved apart, the gauge 
symmetry is broken to U(1) x U(1), with the off-diagonal noncommuting 
gauge bosons becoming massive through a stringy Higgs mechanism. More 
generally, if No < N D-branes coincide, then the unbroken gauge symmetry 
contains a U(No) factor. Therefore, the possibility of having multiple co- 
incident D-branes gives a way of realizing nonabelian gauge symmetries in 
string theory. This fact is of fundamental importance. A collection of five 
parallel D-branes, which gives U(1)° gauge symmetry, is shown in Fig. 6.6. 


























x x 
V x” 
0 OR OR OR OR > 


Fig. 6.6. A collection of D-branes with some attached strings. 


Let us find the concrete form of some of the states in more detail. Massless 
states generically come from open strings that can shrink to a point. These 
strings start and end on the same brane (or collection of coincident branes), 
and they are naturally regarded as living on the world volume of the brane 
(or branes). Concretely, one type of massless state that appears in the 
spectrum is the scalar particle arising from an oscillator excitation in the 
circle direction 


a250, k), (6.42) 


which corresponds to a scalar field A25(7). The rest of the components are 
tangential to the D24-brane 


at-l0,k) with  p=0,...,24, (6.43) 


and correspond to a vector field A,,(#). Here # = (x?,..., x°) denotes the 
coordinates on the Dp-brane. These are all 25 coordinates other than the 
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coordinate 7°, of the circle, which is fixed at the position of the D-brane. 
So these states describe a gauge field on the D24-brane. 

When Ag; is allowed to depend on the 25 noncompact space-time coordi- 
nates, the transverse displacement of the D24-brane in the Z? direction can 
vary along its world volume. Therefore, an Ag; background configuration 
can describe a curved D-brane world volume. More generally, starting with 
a flat rigid Dp-brane, transverse deformations are described by the values 
of the 25 — p world-volume fields that correspond to massless scalar open- 
string states. These scalar fields are the 25 — p transverse components of 
the higher-dimensional gauge field, and their values describe the transverse 
position of the D-brane. These scalar fields on the D-brane world volume 
can be interpreted as the Goldstone bosons associated with spontaneously 
broken translation symmetry in the transverse directions. The translation 
symmetry is broken by the presence of the D-branes. 

This discussion illustrates the fact that condensates (or vacuum expecta- 
tion values) of massless string modes can have a geometrical interpretation. 
There is a similar situation for gravity itself. String theory defined on a flat 
space-time background gives a massless graviton in the closed-string spec- 
trum, and the corresponding field is the space-time metric. The metric can 
take values that differ from the Lorentz metric, thereby describing a curved 
space-time geometry. The significant difference in the case of D-branes is 
that their geometry is controlled by open-string scalar fields. 





EXERCISES 





EXERCISE 6.1 
Compute the mass squared of the ground state of an open string attached 
to a flat Dp-brane in R+. 


SOLUTION 


Let us label the coordinates that satisfy Neumann boundary conditions by 
an index į = 0,...,p and the coordinates that satisfy Dirichlet boundary 
conditions at both ends by an index J = p+1,...,25. The mode expansions 
for left- and right-movers are, as usual, 


pyre -i 
XP = TT bao) l a) i k De att em (TES): 
mo” 
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~y 1 
xg = PSP y plr- o) + ih Y Lopeno, 
mao 





The mode expansions for the fields with Neumann and Dirichlet boundary 
conditions are 


Xt =X} +Xh and X! =X] -XŁ, 
respectively. The two ends of the string have 
X1 (0,7) = X! (m, T) = 2, 


which specifies the position of the D-brane. In uncompactified space-time 
there can be no winding modes, so p? = 0. 
The energy-momentum tensor 





T, } = ð} X’ X; + 0,X'O,X7 = 04X} X Lu 


has the same mode expansion as in Chapter 2, independent of p, and thus 
the Virasoro generators, the zero-point energy, and the mass formula, are 
the same as before 


M? = 2(N —1)/2. 
The main difference is that this is now the mass of a state in the (p + 1)- 
dimensional world volume of the Dp-brane, whereas in Chapter 2 only the 


space-time-filling p = 25 case was considered. The mass squared of the 
open-string ground state therefore is 


M? = —2/ Soy 














EXERCISE 6.2 

Consider a relativistic point particle with mass m and electric charge e 
moving in an electromagnetic potential A„(x). The action describing this 
particle is 


S= Jh- =KUX, [-XuX, — eX" A, ) dr. 
Suppose that one direction is compactified on a circle of radius R. Show 


that a constant vector potential along this direction, given by 


Ea 
Qn R’ 
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leads to a fractional momentum component along the compact direction 
_K is ef 
POR | mR 


where K is an integer. 


SOLUTION 


In the gauge T = X? = t the action takes the form 
S= I ( my 1 — v? -— e(Ao 4 A.#))dt, 


where vê = X’. The canonical momentum conjugate to the compact coor- 
dinate X, which is one of the X‘s, is 
ôS e0 


5X p—e PHR 





where 
m 
eae 
is the physical momentum. The wave function of the charged particle in- 
cludes a factor containing the canonical momentum 


U (a) a ee. 
since P ~ —i0/0X. This must be single-valued, and thus P = K/R, where 
K is an integer. This gives 
K ed 


PR OnR’ 














6.2 D-branes in type II superstring theories 


D-branes also exist in superstring theories. Indeed, just as in the bosonic 
theory, adding D-branes to the type IIA or type IIB vacuum configuration 
gives a theory that has closed strings in the bulk plus open strings that 
end on the D-branes. Certain D-branes in superstring theories exhibit an 
important feature that does not occur in the bosonic string theory. Namely, 
they carry a conserved charge that ensures their stability. In such a case, the 
spectrum of open strings that start and end on the D-brane is tachyon-free. 

When D-branes are present, some of the symmetries of the superstring 
vacuum are broken. For example, consider starting with the Minkowski 
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space vacuum of a type II superstring theory, which has ten-dimensional 
Poincaré invariance. Adding a flat Dp-brane, and neglecting its back reac- 
tion on the geometry, breaks the ten-dimensional SO(1, 9) Lorentz symmetry 
to SO(1, p) x SO(9— p). Moreover, some or all of the supersymmetry is also 
broken by the addition of the Dp-brane. 

Recall that both of the type II superstring theories, in the ten-dimensional 
Minkowski vacuum, have M = 2 supersymmetry. Since each supercharge 
corresponds to a Majorana—Wey] spinor, with 16 real components, there are 
a total of 32 conserved supercharges. However, the maximum number of 
unbroken supersymmetries that is possible for vacua containing D-branes 
is 16. There are several ways of seeing this. A simple one is to note that 
the massless open strings form a vector supermultiplet, and such super- 
multiplets only exist with 16 or fewer conserved supercharges. Thus, when 
D-branes are added to type II superstring vacua, not only is translational 
invariance in the transverse directions broken, but at least 16 of the original 
32 supersymmetries must also be broken. 


Form fields and p-brane charges 


The five superstring theories and M-theory contain a variety of massless 
antisymmetric tensor gauge fields, which can be represented as differential 
forms. An n-form gauge field is given by 
1 
Ay = pg rnz unde"? A dat? A- A dart, (6.44) 
These can be regarded as generalizations of an ordinary Maxwell field, which 
corresponds to the case n = 1. With this in mind, one defines the (n + 1)- 
form field strength by Fn+1 = dAn, where 
1 

Fna+1 = CaF Erenn de A da? A+++ A dxbr+), (6.45) 
Such a field strength is invariant under a gauge transformation of the form 
An = dAy_1, since the square of an exterior derivative vanishes (d? = 0). 


Maxwell theory 


Recall that classical electromagnetism is described by Maxwell’s equations, 
which can be written in the form 


dF =0 and dx F =0, (6.46) 
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in the absence of charges and currents. Here F is the two-form field strength 
describing the electric and magnetic fields. Notice that the above equations 
are symmetric under the interchange of F and xF. 

More generally, one should include electric and magnetic sources. Electri- 
cally charged particles (or electric monopoles) exist, but magnetic monopoles 
have not been observed yet. Most likely, magnetic monopoles exist with 
masses much higher than have been probed experimentally. When sources 
are included, Maxwell’s equations become 


dF = xJm and dx F =xJe. (6.47) 

In each case J = J „dz“ is a one-form related to the current and charge 
density as 

Ja = (9,3); (6.48) 

with u = 0,...,3 in the case of four dimensions. For a point-like electric 


charge the charge density is described by a delta function p = ed) (7), where 
e denotes the electric charge. Similarly, a point-like magnetic source has an 
associated magnetic charge, which we denote by g. These charges can be 
defined in terms of the field strength 


z. xF and g= F, (6.49) 
S? S2 


where the integrations are carried out over a two-sphere surrounding the 
charges. 

Electric and magnetic charges are not independent. Indeed, as Dirac 
pointed out in 1931, the wave function of an electrically charged particle 
moving in the field of a magnetic monopole is uniquely defined only if the 
electric charge e is related to the magnetic charge g by the Dirac quantization 
condition* 


e-g E€ 2rZ. (6.50) 


The derivation of this result is described in Exercise 6.3. 


Generalization to p-branes 


The preceding considerations can be generalized to p-branes that couple to 
(p+ 1)-form gauge fields in D dimensions. To determine the possibilities for 
stable p-branes, it is worthwhile to consider the types of conserved charges 
that they can carry. This entails generalizing the statement that a point 
particle (or 0-brane) can carry a charge such that it acts as a source for a 


4 For dyons, which carry both electric and magnetic charge, the Dirac quantization rule gener- 
alizes to Witten’s rule: e1g2 — e291 = 27n. 
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one-form gauge field, that is, a Maxwell field A = A dz”. There are two 
aspects to this. On the one hand, a charged particle couples to the gauge 
field in a way that is described by the interaction 


m 
Sint = ef A = e | ara (6.51) 


where e is the electric charge. On the other hand, the charge of the particle 
can be determined by Gauss’s law. This entails surrounding the particle with 
a two-sphere and integrating the electric field over the sphere. Defining the 
field strength by F = dA, as usual, the relevant integral is f g2 xF. Note that 
F is a two-form and in D dimensions its Hodge dual xF is a (D — 2)-form. 
In terms of components 

gL1H2 LD 


—— F ; 
2./-g -UD-1HD 


In general, a (D—2)-sphere can surround a point in D-dimensional Lorentzian 


Gere Paras? = (6.52) 


space-time. For example, an electrically charged D0-brane in the type IIA 
theory can be surrounded by an eight-sphere 98. The magnetic dual of an 
electrically charged point particle carries a magnetic charge that is mea- 
sured by integrating the magnetic flux over a sphere that surrounds it. This 
is simply f F, which in the case of a Maxwell field is a two-dimensional 
integral. In D dimensions a two-sphere S? can surround a (D — 4)-brane. 
In four dimensions this is a point particle, but in the ten-dimensional type 
IIA theory the magnetic dual of the D0-brane is a D6-brane. 

The preceding can be generalized to an n-form gauge field A, with an 
(n + 1)-form field strength Fh+1 = dAn. An n-form gauge field can couple 
electrically to the world volume of a brane whose world volume has n = p+1 
dimensions 


Sine = tp | Apri (6.53) 


where up is the p-brane charge and the pullback from the bulk to the brane 
is understood. In other words, 


1 Ox”! Oxtr+ 
ES = o oo te 300 BaP Pto. (6.54) 


This generalizes Eq. (6.51), which has p = 0 and e = uo. This brane is 





electrically charged as can be seen by evaluating the electric charge using 
Gauss’s law up = f xFp+2. In D dimensions this is an integral over a sphere 
SP-P-2 | which is the dimension required to surround a p-brane. The charge 
of the magnetic dual branes can be measured by computing the flux f Fp+2 
through a surrounding $?*+?. In D dimensions an S?+? can surround a 
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(D — p—4)-brane. Thus, in the case of ten dimensions, the magnetic dual 
of a p-brane is a (6 — p)-brane. 

The Dirac quantization condition for point-like charges in D = 4, eg = 
27n, has a straightforward generalization to the charges carried by a dual 
pair of p-branes. For our normalization conventions, in ten dimensions one 
has 


Lp H6-p E 2TZ. (6.55) 


This is derived by a generalization of the usual proof that is described in 
Exercise 6.4. The basic idea is to require that the wave function of an electric 
brane is well defined in the field of the magnetic brane. In all superstring 
theory and M-theory examples it turns out that a single p-brane carries the 
minimum allowed quantum of charge. In other words, the product of the 
charges of a single p-brane and a single dual (6 — p)-brane is exactly 27. 


Stable D-branes in type IT superstring theories 


Specializing to the case of ten dimensions, the preceding considerations tell 
us that an n-form gauge field can couple electrically to a p-brane with p = 
n—1 and magnetically to a p-brane with p = 7—n. Since the R-R sector of 
the type IIA theory contains gauge fields with n = 1 and n = 3, this theory 
should contain stable branes that carry the corresponding charges. These 
are Dp-branes with p = 0,2,4,6. Since this is giving even integers, it is 
natural to consider p = 8, as well. Larger even values are not possible, since 
the dimension of the brane cannot exceed the dimension of the space-time. 
The existence of a D8-brane would seem to require a nine-form gauge field 
with a ten-form field strength. Such a field is nondynamical, and therefore it 
did not arise when we analyzed the physical degrees of freedom of type IIA 
supergravity. In fact, stable D8-branes do occur in special circumstances, 
which are discussed later in this chapter. 

In the case of the type IIB theory the R-R sector contains n-form gauge 
fields with n = 0,2,4. Applying the rules given above the zero-form should 
couple electrically to a (—1)-brane. This is an object that is localized in 
time as well as in space. It is interpreted as a D-instanton, which makes 
sense in the Euclideanized theory. Its magnetic dual is a D7-brane which is 
well defined in the Lorentzian signature theory. However, since a D7-brane 
has codimension 2 it gives rise to a deficit angle in the geometry, just as 
occurs for a point mass in three-dimensional general relativity. The two-form 
couples electrically to a D1-brane (also called a D-string) and magnetically 
to a D5-brane. The four-form couples both electrically and magnetically 
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to a D3-brane. However, these are not distinct D-branes. Since the field 
strength is self-dual, F5 = xF5, the D3-brane carries a self-dual charge. 
In addition, one can also introduce space-time-filling D9-branes in the IIB 
theory, though there are consistency conditions that restrict when they can 
occur. Altogether, the conclusion is that type IIB superstring theory admits 
stable Dp-branes, carrying conserved charges, for odd values of p. 

The stable D-branes (with p even in the IIA theory or odd in the IIB the- 
ory) preserve half of the supersymmetry (16 supersymmetries). Therefore, 
they are sometimes called half-BPS D-branes. This fact implies that the as- 
sociated open-string spectrum has this much supersymmetry, and therefore 
it must be tachyon-free. To be explicit, let Qı and Q2 be the two super- 
symmetry charges of the string theory. These are Majorana—Wey] spinors, 
which have opposite chirality in the IIA case and the same chirality in the 
IIB case. Now suppose a Dp-brane extends along the directions 0,1,..., p. 
Then the supersymmetry that is conserved is the linear combination 


Q = Qi +0"? Qo, (6.56) 


where the sign of the second term depends on conventions. Note that in all 
cases the two terms have the same chirality, since the Dirac matrix flips the 
chirality of the Q2 term when p is even (the IIA case) but not when p is odd 
(the IIB case). 

To recapitulate, conserved R-R charges, supersymmetry, stability, and 
absence of tachyons are all features of these type II Dp-branes. 


Non-BPS D-branes 


The type II superstring theories also admit Dp-branes with “wrong” values 
of p, meaning that p is odd in the IIA theory or even in the IIB theory. These 
Dp-branes do not carry conserved charges and are unstable. They break all 
of the supersymmetry and give an open-string spectrum that includes a 
tachyon. The features of these branes are the same as those of Dp-branes 
with any value of p in the bosonic string theory. In the context of superstring 
theories, D-branes of this type are sometimes referred to as non-BPS D- 
branes. 


Type II superstrings and T-duality 


T-duality for the closed bosonic string theory, compactified on a circle of 
radius R, maps the theory to an identical theory on a dual circle of radius 
R = a/R. In this sense the theory is self-dual under T-duality, and there 
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is a Zə symmetry at the self-dual radius Rsa = Va’. Let us now examine 
the same T-duality transformation for type II superstring theories. It will 
turn out that the type IIA theory is mapped to the type IIB theory and 
vice versa. Of course, if several directions are compactified on circles it is 
possible to carry out several T-dualities. In this case an even number of 
transformations gives back the same type II theory that one started with 
(on the dual torus). This is a symmetry if the torus is self-dual. 

Returning to the case of a single circle, imagine that the X? coordinate of 
a type II theory is compactified on a circle of radius R and that a T-duality 
transformation is carried out for this coordinate. The transformation of the 
bosonic coordinates is the same as for the bosonic string, namely 


KEE. and “AR SE, (6.57) 


which interchanges momentum and winding numbers. In the RNS for- 
malism, world-sheet supersymmetry requires the world-sheet fermion Y° to 
transform in the same way as its bosonic partner X9, that is, 


we — we and wR — pR. (6.58) 


This implies that after T-duality the chirality of the right-moving Ramond- 
sector ground state is reversed (see Exercise 6.5). The relative chirality of the 
left-moving and right-moving ground states is what distinguishes the type 
IIA and type IIB theories. Since only one of these is reversed, it follows that 
if the type IIA theory is compactified on a circle of radius R, a T-duality 
transformation gives the type IIB theory on a circle of radius R. 

In the light-cone gauge formulation, only X? and y’, i = 1,...,8, are 
independent dynamical degrees of freedom. In this case a T-duality trans- 
formation along any of those directions works as described above, but one 
along the x° direction is more awkward to formulate. 

Now let us examine what happens to type II Dp-branes when the theory 
is T-dualized. Since the half-BPS Dp-branes of the type IIA theory have 
p even, while the half-BPS Dp-branes of the type IIB theory have p odd, 
these D-branes are mapped into one another by T-duality transformations. 
A similar statement can also be made for the non-BPS Dp-branes. The 
relevant analysis is the same as for the bosonic string. Let us review the 
analysis for a pair of flat parallel Dp-branes that fill the dimensions x“, with 
u = 0,...,p, and have definite values of the other transverse coordinates. 
An open string connecting these two Dp-branes satisfies Neumann boundary 
conditions in p + 1 dimensions 


OoX"\5-9 =O¢X"|g-n =0, p=O0,...,p, (6.59) 
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and Dirichlet boundary conditions for the transverse coordinates 
Mp =de-- ands’ Xp =, i=p+1,...,9, (6.60) 


where di and d$ are constants. These boundary conditions imply that the 
mode expansions are 





1 - 
X" (7,0) =a" + p”T + iX zah cosnoe "7, (6.61) 
n#0 
: , i> À 
X'(T,o) = di + (d5 di)Z + y zen sinnoe ™™. (6.62) 
n#0 


Now consider a T-duality transformation along the circular X° direc- 
tion. The transformation X? > -X8 interchanges Dirichlet and Neumann 
boundary conditions. Running the previous analysis in the reverse direction, 
one learns that in the dual description there is a pair of D-branes that wrap 
the dual circle and that the U (2) gauge symmetry is broken to U (1) x U(1) 
by a pair of Wilson lines. As in the bosonic theory, Dp-branes that were 
localized on the original circle of radius R are wrapped on the dual circle of 
radius R. 

Thus the general rule is that under T-duality the branes that are wrapped 
and those that are unwrapped are interchanged. If T-duality is performed 
in one of the directions of the original theory on which a p-brane is wrapped, 
then T-duality transforms this p-brane into a (p—1)-brane, which is localized 
on the dual circle. This is consistent with the requirement that the half-BPS 
Dp-branes of the type IIA theory, which have p even, are mapped into the 
half-BPS Dp-branes of the type IIB theory, which have p odd. Starting with 
any one of these half-BPS D-branes, all of the others can be accessed by 
repeated T-duality transformations. 


Mapping of coupling constants 


T-duality of the type IIA and type IIB superstring theories is a perturbative 
duality, which holds order by order in the string perturbation expansion. 
When the type IIA theory is compactified on a circle of radius R and the 
type IIB theory is compactified on a circle of radius R, the two theories are 
related by the T-duality identification RR =a’. This amounts to inverting 
the dimensionless parameter Va//R. Let us now examine the mapping of 
the string coupling constants implied by T-duality. To do this it is sufficient 
to consider the coupling constant dependence of the NS-NS part of the 
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low-energy effective action of the type IIA theory, which has the form 


1 faeces (6.63) 


For the NS-NS part of the type IIB theory, one has the same formula, with 
the IIA string coupling gs replaced by the IIB string coupling g,. The explicit 
formula for the Lagrangian Lys is given in Chapter 8. Compactifying each 
of these theories on a circle, and keeping only the zero-mode contributions 
on the circle gives 








2r R 

F [ bens (6.64) 
in the type IIA case, and 

2R 

z / daLyg (6.65) 


in the type IIB case. T-duality implies that these two expressions should be 
the same. Using the T-duality relation RR = a’, one obtains the relation 
between the coupling constants 





gs- (6.66) 


Although derived here by examining certain terms in the low-energy expan- 
sion, the relation in Eq. (6.66) is completely general. Since the two string 
coupling constants are proportional, a perturbative expansion in gs in type 
IIA corresponds to a perturbative expansion in ĝs in type IIB. 


K-theory 


Since D-branes carry conserved R-R charges that are sources for R-R gauge 
fields, which are differential forms, one might suppose that the charges could 
be identified with cohomology classes of gauge field configurations. This is 
roughly, but not precisely, correct. The appropriate mathematical general- 
ization uses K-theory, and classifies D-brane charges by K-theory classes. 


Type II D-branes 


Consider a collection of coincident type II D-branes — N Dp-branes and 
N’ Dp-branes. Dp denotes an antibrane, which is the charge-conjugate of 
the Dp-brane. The important world-volume fields can be combined in a 


superconnection 
A T 
A= ( = Wy Ne (6.67) 
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where A is a connection on a U(N) vector bundle E, A’ is a connection on 
a U(N’) vector bundle F’, and T is a section of E* @ E’ that describes an 
N x N' matrix of tachyon fields. The (p + 1)-dimensional world volume of 
the branes, X, is the base of E and E’. The three types of fields arise as 
modes of the three types of open strings: those connecting branes to branes, 
those connecting antibranes to antibranes, and those connecting branes to 
antibranes. 

If the gauge field bundles E and E’ are topologically equivalent (E ~ E’) 
complete annihilation should be possible. This requires N = N” so that the 
total charge is zero. Moreover, the tachyon field matrix should take a value 
T = To that gives the true minimum of the tachyon potential. If there is 
complete annihilation, the minimum of the tachyon potential energy V(T) 
should be negative and exactly cancel the energy density of the branes so 
that the total energy is zero 


V (To) + 2NTpp = 0. (6.68) 


As a specific example, consider the case p = 9 in the type IIB theory. 
Consistency of the quantum theory (tadpole cancellation) requires that the 
total R-R 9-brane charge should vanish, and thus N = N’. So we must have 
an equal number of D9-branes and D9-branes filling the ten-dimensional 
space-time X. Associated with this there are a pair of vector bundles (E, E’), 
where E and F’ are rank-N complex vector bundles. 

We now want to define equivalence of pairs (E, E’) and (F, F’) whenever 
the associated 9-brane systems can be related by brane—antibrane annihila- 
tion and creation. In particular, Æ ~ E’ corresponds to pure vacuum, and 
therefore 


(E, E) ~0 S EXE’. (6.69) 


If we add more D9-branes and D9-branes with identical vector bundles H, 
this should not give anything new, since they are allowed to annihilate. This 
means that 


(E $ H, E' 9 H) ~ (E,E’). (6.70) 


In this way we form equivalence classes of pairs of bundles. These classes 
form an abelian group. For example, (E’,E) belongs to the inverse class 
of the class containing (E, FE’). If N and N’ are unrestricted, the group is 
called K(X). However, the group that we have constructed above is the 
subgroup of K(X) defined by requiring N = N’. This subgroup is called 
K(X). Thus type IIB D-brane charges should be classified by elements of 


K(X). Let us examine whether this works. 
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The formalism is quite general, but we only consider the relatively simple 
case of Dp-branes that are hyperplanes in flat R®!. For this purpose it is 
natural to decompose the space into tangential and normal directions 


R”! = RP! x R??, (6.71) 


and consider bundles that are independent of the tangential R?! coordi- 
nates. If the fields fall sufficiently at infinity, so that the energy is nor- 
malizable, then we can add the point at infinity thereby compactifying the 
normal space so that it becomes topologically a sphere S°~?. Then the rele- 
vant base space for the Dp-brane bundles is X = S°-?. We can now invoke 
the mathematical results: 


K(S°-?) = { 


This precisely accounts for the R-R charge of all the stable (BPS) Dp-branes 
of the type IIB theory on R®!. It should be noted that the unstable non- 
BPS type IIB D-branes, discussed earlier, carry no conserved charges, and 
they do not show up in this classification. 

Suppose now that some dimensions form a compact manifold Q of dimen- 
sion q, so that the total space-time is R°~%! x Q. Then the construction 
of a Dp-brane requires compactifying the normal space R°®~?~% x Q to give 
S9-P-4 x Q. This involves adjoining a copy of Q at infinity. In this case 
the appropriate mathematical objects to classify D-brane charges are rela- 
tive K-theory groups K(S°-?~4 x Q,Q). In particular, if Q = S1, we have 
K(987? x St, S'). Mathematically, it is known that this relative K-theory 
group can be decomposed into two pieces 


K(X x St, S1) = K7(X) @ K(X). (6.73) 


Z p=odd 


: 72 
0 p=even cy 


The physical interpretation of this formula is very nice. K (S°-?) classifies 
the type IIB D-branes that are wrapped on the circle, whereas 


K-1(s8-?) = K(S°-?) (6.74) 


classifies unwrapped D-branes. So, altogether, in nine dimensions there are 
additive D-brane charges for all p < 8. 

The type IIA case is somewhat more subtle, since the space-time-filling 
D9-branes are unstable in this case. The right K-theory group in this case 
is K~!(X), the same group that appeared in the previous paragraph. The 
mathematical results 


= = Z for p= even 
1/o9-p) _ 
a ae { 0 for p= odd (65) 
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account for all the stable type ILA Dp-branes embedded in R®!. Compact- 
ifying the type IIA theory on a circle gives the relative K-theory group 
K(X x 1,8!) = K(X) @ K71(X). (6.76) 


This time K~!(X) describes wrapped D-branes and K(X) describes un- 
wrapped ones. This result matches the type IIB result in exactly the way 
required by T-duality (wrapped +> unwrapped). 





EXERCISES 





EXERCISE 6.3 
Derive the Dirac quantization condition (6.50) for point particles in four- 
dimensional space-time. 


SOLUTION 


In the case of Maxwell theory in D = 4 the vector potential is a one-form 
A, whose field strength is a two-form F> = dA,. Let us denote the dual of 
this field strength «F2, which is also a two-form, by Fy. Then Gauss’s law 
is the statement that if a two-sphere S? surrounds an electric charge e, one 
has f 92 Fy =e. Similarly, if it surrounds a magnetic charge g, f. g2 F2 = 9. 

Now consider the wave function w(a) of an electrically charged particle, 
with charge e, in the field of a magnetic monopole of charge g. Such a wave 
function has the form 


w(a) = exp (ie far) volo), 


where the integral is along some path to the end point x. The choice of base 
point xo (and the contour) gives an overall x-independent phase that doesn’t 
matter. This formula can be understood as follows: the minimal coupling 
J-A ensures that the vector potential enters the Schrödinger equation only 
via the covariant derivative D, = ô, — ieA„. Then the phase factor isolates 
the non-gauge-invariant part of (a); the function Yọ(x) is gauge invariant. 

Now consider the change in this wave function as x traces out a small 
circle y. One obtains 


W(x) => Ule), Uy) =h, 


where the contour integral is around the circle y. Let D denote a disk whose 
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boundary is y. By Stokes’ theorem, 


gaz] 
y D 


However, the choice of D is not unique, and any choice must give the same 
answer for the wave function to be well defined. Let D’ be another choice 
that passes on the other side of the magnetic charge. Then the difference 
D -— D' is topologically a two-sphere that surrounds the magnetic charge. In 


[nf r= | Fo = g. 
D f D-D' 


Thus the holonomy group element U (y) is well defined only if exp(ieg) = 1. 


other words, 


This gives the Dirac quantization condition 
eg E€ 27Z. 


There is a mathematical issue that has been suppressed in the preceding 
discussion. Namely, the field of a monopole gives a topologically nontrivial 
U(1) bundle. This means that the region exterior to the monopole can be 
covered by two open sets, O and O’, on which the gauge field is A and A’, 
respectively. On the overlap O U O’, the two gauge fields differ by a gauge 
transformation: A — A’ = dA.° It also means that the “wave function” is 
not a function, but rather a section of a line bundle. In the use of Stokes’ 
theorem the field A should be used for the extension to D, which is assumed 
to be interior to O, and the field A’ should be used for the extension to 
D’, which is assumed to be interior to O’. By explicitly integrating the 
difference of A and A’ along y and requiring that U(y) is unique, one can 





give an alternative proof of the quantization condition. o 


EXERCISE 6.4 
Generalize the reasoning of the preceding exercise to prove the Dirac quan- 
tization condition for p-branes in Eq. (6.55). 


SOLUTION 


Equation (6.55) applies to ten dimensions. Let us be a bit more general, and 
consider D dimensions instead. Given an electrically charged p-brane with 
charge up, there is a (p + 1)-form gauge field that has the minimal coupling 
5 If one only uses one field A it is singular along a line, called a Dirac string, which runs from the 


monopole to infinity. It should be emphasized that a Dirac string is a mathematical artefact 
and not a physical object. 
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Ly | Ap41 to the brane. The gauge-invariant field strength is Fp+2 = dAp41 
and its dual is 


Fp-p-2 = kF p42. 


Gauss’s law is the statement that if we loop the p-brane once with a sphere 
SP-P-? then the charge is given by 


Hp = | Fp-p-2. 
SD-p-2 


The magnetic dual of this brane is a (D — p—4)-brane that can be encircled 
by a sphere S?+?. Gauss’s law gives its magnetic charge 


LUD-p—4 = f Fp+2- 
Sp+2 


Requiring that both branes have nonnegative dimension gives 0 < p < D—4. 

Now let’s consider a probe electric p-brane in the field of a magnetic 
(D — p — 4)-brane. For the argument that follows, the topology of the 
magnetic brane doesn’t matter, but it is extremely convenient to choose the 
electric brane to be topologically a sphere S?. Let us denote this p-cycle by 
GB. Then, for the same reason as in the previous exercise, the wave function 
of the p-brane has the form 


(GB) = exp (i [ Apss polb) 


where wo is gauge invariant. The lower limit is a fixed p-cycle Gp and the 
integral is over a region that is a “cylinder” whose topology is a line interval 
times SP. As before, it does not matter how this is chosen. 


V 
3 J 1 


Fig. 6.7. This illustrates, for the case p = 1, how a loop of p-dimensional spheres 
can trace out a (p + 1)-dimensional sphere y. 
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J 


Fig. 6.8. This illustrates, for the case p = 0, that the difference of two (p + 2)- 
dimensional balls D and D’ with a common boundary y (a (p + 1)-dimensional 
sphere) that pass on opposite sides of a magnetic brane is a (p + 2)-dimensional 
sphere that encircles the magnetic brane. 


Now we need to generalize the step in the previous exercise in which the 
electric charge traced out a circle. What we want is for the p-brane to trace 
out a surface y that is topologically a sphere S?+!. The way to achieve this 
is shown in Fig. 6.7. For a vanishingly small cycle 8 this gives the result 
that 


(8) + UWB), Uy) = exp (m | Apn) | 


Now let D be a ball whose boundary is y. Stokes’ theorem gives 


$ Ans af Fp+2. 
y D 


Again D is not unique, and we can consider two different choices D and 
D! that pass on opposite sides of the magnetic brane. Their difference is 
topologically a sphere SP+? that surrounds the magnetic brane, as indicated 
in Fig. 6.8. Thus, 


J Fp+2 -j Fp+2 =| Fp+2 = UD—p—4- 
D D' D-D' 


Now requiring that U(y) is well defined gives exp(iup HD-p-4) = 1, and 
hence 


Lp HD-p-4 E 2T Z. 














218 T-duality and D-branes 


EXERCISE 6.5 
Show that a T-duality transformation reverses the chirality of the right- 
moving Ramond-sector ground state. 


SOLUTION 
T-duality reverses the sign of the right-moving bosons 
X? — =. 


World-sheet supersymmetry requires the fermions to transform in the same 
way as the bosons, that is, 


VR > -Yh 


In particular, the zero mode of Yh in the Ramond sector transforms is 
reversed 


n E —a8. 


In Chapter 4 we learned that there is a relation between R-sector zero modes 
and ten-dimensional Dirac matrices 


T” = V2d. 
Thus, under a T-duality transformation 
Ta >T, (for u £ 9) and To > -T9. 
We conclude that the chirality operator behaves as 
Pu =Pol1---T9 > -Pu, 


so the chirality of the right-moving Ramond ground state is reversed. This 
may seem paradoxical until one realizes that both ten-dimensional chiralities 











correspond to nonchiral spinors in nine dimensions. 





EXERCISE 6.6 

T-duality has been described for superstrings in the RNS formulation. How 
do the world-sheet fields transform under a T-duality transformation in the 
x direction in the light-cone GS formulation? 


SOLUTION 


The world-sheet fields consist of left-movers Xf and Sf and right-movers 
X$ and SÅ (type IIA) or S$ (type IIB). As always, the left-movers are un- 
changed, and the only nontrivial bosonic transformation is X A — —X}. So 
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the issue boils down to finding the transformation rule for the Ss. There 
is really only one sensible possibility. In Chapter 5 we introduced the Dirac 
matrices r“; = =T , which were also interpreted as Clebsch-Gordon coeffi- 
cients for coupling the three inequivalent eight-dimensional representations 
of Spin(8). Clearly, the rule 


gi Puss (for TA) and Sy — rg (for IIB) 


respects the symmetries of the problem and maps the type IIA theory to the 
type HB theory and vice versa. Also, it squares to the trivial transformation 
because w. Tos = ac and T = è = Oaé, Where the index j is unsummed. 

For miili T-dualities, such as along x! and z?, there is a sign ambiguity. 
Depending on the order, one could get Sg —> T'jP2S_ or Sg —> Irri S2 = 
—T\[2S2. However, the sign reversal S2 — —S2 is a trivial symmetry of 
both the type IIA and IIB theories, so this is inconsequential. 














EXERCISE 6.7 

T-duality transforms a p-brane into a (p — 1)-brane if a direction along the 
brane is T-dualized, while it transforms a p-brane into a (p+1)-brane if a di- 
rection orthogonal to the brane is T-dualized. Let us analyze this statement 
for a concrete brane configuration. Consider a system of one D0-brane, D2- 
brane, D4-brane and D6-brane. The last three branes are extended along 
the (8,9), (6,7, 8,9) and (4, 5,6, 7,8, 9) directions, respectively. What brane 
configurations can be obtained after T-duality? 


SOLUTION 


The relative orientation of the different branes is illustrated in the table 


below. 
0 12 3 4 5 6 7 8 9 
D6 x X X X X X X 
D4 x XX x x 
D2 x x x 
DO x 


Let us just consider transformations along a single circle. Then the original 
type IIA configuration gets mapped to a type IIB configuration. A T-duality 
transformation along the 1, 2 or 3 directions gives a D7, D5, D3, D1 con- 
figuration. A T-duality transformation along the 4 or 5 directions gives a 
D5, D3, D3, D1 configuration. A T-duality transformation along the 6 or 7 


220 T-duality and D-branes 


directions gives a D5, D5, D3, D1 configuration. A T-duality transformation 
along the 8 or 9 directions gives a D5, D3, D1, D1 configuration. 

One might also consider a T-duality transformation along the time direc- 
tion. However, this only makes sense in the context of finite temperature, 
where one has a periodic Euclidean time coordinate. That would lead one 
to an object that is localized in the time direction. Quite aside from the 
issue of T-duality, one could consider an object that fills some spatial di- 
rections and is localized in time and the other spatial directions. This is a 
higher-dimensional analog of an instanton, called an S-brane. Like instan- 
tons, it is not a physical object, but rather a possible stationary point of a 
path-integral that could play a role in the nonperturbative physics. 

Oo 





6.3 Type I superstring theory 
Orientifold projection 


Type I superstring theory can be understood as arising from a projection of 
type IIB superstring theory. Type IIB superstrings are oriented, and their 
world sheets are orientable. The world-sheet parity transformation 


Q:0—--0 (6.77) 


reverses the orientation of the world sheet. World-sheet parity exchanges the 
left- and right-moving modes of the world-sheet fields X“ and y". This Zo 
transformation is a symmetry of the type IIB theory and not of the type IIA 
theory, because only in the IIB case do the left- and right-moving fermions 
carry the same space-time chirality. When one gauges this Z2 symmetry, 
the type I theory results. The projection operator 


pe za +9) (6.78) 


retains the left-right symmetric parts of physical states, which implies that 
the resulting type I closed strings are unoriented. 

The type I closed-string spectrum is obtained by keeping the states that 
are even under the world-sheet parity transformation and eliminating the 
ones that are odd. The massless type IIB closed-string states in the NS-NS 
sector are given by the tensor product of two vectors. Only states that are 
symmetric in the two vectors survive the orientifold projection. These are 
the dilaton and the graviton, while the antisymmetric tensor Bə is elimi- 
nated. 

The two gravitino fields of type IIB superstring theory, Y} and Y5, are 
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associated with the Fock-space states 
b” 1/210 a) and b” gla; 0). (6.79) 


Here the label a denotes a spinor index for a Ramond-sector ground state. 
Under world-sheet parity |0;a) > |a;0), and left-moving and right-moving 
excitations are exchanged, which implies that only the sum U/'+ U5 survives 
the projection. Similarly, one of the two type IIB dilatinos survives, so that 
one is left with a total of 56 + 8 = 64 massless fermionic degrees of freedom. 
The fact that only one gravitino survives implies that the type I theory has 
half as much supersymmetry as the type IIB theory (16 conserved super- 
charges instead of 32). This supersymmetry corresponds to the diagonal 
sum of the left-moving and right-moving supersymmetries of the type IIB 
theory. 

Which massless R-R sector states survive the world-sheet parity projec- 
tion can be determined by counting degrees of freedom. Since there is a 
massless gravitino field in the spectrum, the theory must be supersymmet- 
ric, and therefore the number of massless fermionic and bosonic degrees of 
freedom have to be equal. The only way to achieve this is to require that Co 
and C4 are eliminated while the two-form C% survives. To summarize, after 
the projection the massless closed-string bosonic fields are the graviton and 
the dilaton in the NS—NS sector and the two-form C2 in the R-R sector. 
This gives a total of 35 + 1 + 28 = 64 bosonic degrees of freedom, which 
matches the number of fermionic degrees of freedom. Together, these give 
the NV = 1 supergravity multiplet. 

In addition, it is necessary to add a twisted sector — the type I open 
strings. These are strings whose ends are associated with the fixed points 
of o — —o, which are at ø = 0 and ø = 7. Since this applies for all X#, 
and open strings always end on D-branes, the existence of these open strings 
signals the presence of space-time-filling D9-branes. The open strings must 
also respect the Q symmetry, so they are also unoriented. 

The type IIB fundamental string (F-string) is a stable BPS object that 
carries a conserved charge that couples to By. Since the orientifold pro- 
jection eliminates By, the type I fundamental string is not a stable BPS 
object. It can break. However, the amplitude for breaking is proportional 
to the string coupling constant. So at weak coupling, which is assumed in 
perturbation theory, type I superstrings are long-lived. At strong coupling, 
fundamental type I strings cease to be a useful concept, since they quickly 
disintegrate. 


6 To obtain the usual open-string o interval of length m, one should start with a closed-string 
coordinate o of period 27, which is double the choice that has been made previously. 


222 T-duality and D-branes 


Anomalies 


As was explained in Chapter 5, type I supergravity in ten-dimensional 
Minkowski space-time by itself is inconsistent due to gravitational anoma- 
lies. Moreover, the only way to eliminate anomalies is to couple it to super 
Yang-Mills theory with an SO(32) or Eg x Eg gauge group. Only the group 
SO(32) is possible for type I superstrings, and it can be realized by including 
open strings with Chan—Paton charges corresponding to this gauge group. 
Under world-sheet parity the open-string coordinates wy" can transform with 
either sign. Taking into account the Chan—Paton degrees of freedom, repre- 
sented by labels 7, j, the transformation rule for open-string states becomes 





NF 7210, ij) = b” 1/219, j 4), (6.80) 


because the world-sheet parity transformation interchanges the two ends of 
the string. If one chooses the plus sign in Eq. (6.80), then the projection picks 
out symmetric matrices, which corresponds to a symplectic gauge group. 
If, on the other hand, one chooses the minus sign the projection leaves 
antisymmetric matrices, which corresponds to an orthogonal group. So this 
is the choice that is needed to describe the anomaly-free supersymmetric 
SO(32) theory. 

Another way of interpreting the preceding conclusion is as follows. The 
orientifold projection results in the appearance of a space-time-filling ori- 
entifold plane. The plus sign in Eq. (6.80) results in the appearance of an 
O9* plane with +16 units of D9-brane charge, whereas the minus sign in 
Eq. (6.80) results in the appearance of an O97 plane with —16 units of D9- 
brane charge. Consistency requires the cancellation of this D9-brane charge. 
This corresponds to the cancellation of R-R tadpoles, which also ensures the 
cancellation of all gauge anomalies. This cancellation can be achieved in the 
first case (the plus sign) by the addition of 16 anti-D9-branes. This results in 
a theory with USp(32) gauge symmetry. However, the presence of anti-D9- 
branes breaks all of the supersymmetry. In the second case (the minus sign) 
consistency is achieved by adding 16 D9-branes, which results in SO(32) 
gauge symmetry. As discussed above, this preserves one of the two type IIB 
supersymmetries. 

The tension of both kinds of O9-planes is —167p9. Therefore, in both 
cases the total energy density of the vacuum is zero. In the supersymmetric 
SO(32) case this is ensured to all orders in the string coupling constant 
by supersymmetry. In the nonsupersymmetric USp(32) case, perturbative 
corrections to the free theory are expected to generate a nonzero vacuum 
energy. 
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Other type I D-branes 


The only massless R-R field in the type I spectrum is C2. Therefore, aside 
from the D9-branes, the only stable type IIB D-branes that survive the 
orientifold projection are the ones that couple to this field. They are the 
D1-brane and its magnetic dual, the D5-brane. 

The world-volume theories of these D-branes are more complicated than 
in the type IIB case. The basic reason is that there are additional massless 
modes that arise from open strings that connect the D1-brane or the D5- 
brane to the 16 D9-branes. Moreover, this is taking place in the presence of 
an O97 plane. 

Let us consider first a system of N coincident Dl-branes. In the type 
IIB theory the world-volume theory would be a maximally supersymmetric 
U(N) gauge theory. However, due to the presence of the orientifold plane in 
the type I theory, the gauge symmetry is enhanced to SO(2N), and there is 
half as much unbroken supersymmetry as in the type IIB case. Moreover, 
the world-volume theory contains massless matter supermultiplets that arise 
as modes of open strings connecting the D1-branes to the D9-branes. These 
transform as (2N,32) under SO(2N) x SO(32). The SO(32) gauge sym- 
metry of the ten-dimensional bulk is a global symmetry of the D1-brane 
world-volume theory. 

The analysis of the world-volume theory of a system of N coincident D5- 
branes is carried out in a similar manner. The U(N) gauge symmetry that 
is present in the type IIB case is enhanced to USp(2N) due to the O97 
plane, and the amount of unbroken supersymmetry is cut in half. Moreover, 
there are massless supermultiplets that arise as modes of open strings con- 
necting the D5-branes to the D9-branes. They transform as (2N, 32) under 
USp(2N) x SO(32). 

The K-theory analysis of possible charges of type I D-branes, which is not 
presented here, accounts for all of the D-branes listed above. Moreover, it 
also predicts the existence of a stable point particle in R®! that carries a Zə 
charge and is not supersymmetric. Thus this particle is a stable non-BPS 
D0-brane. This particle, like all D-branes, is a nonperturbative excitation 
of the theory. Moreover, it belongs to a spinor representation of the gauge 
group. Its existence implies that, nonperturbatively, the gauge group is 
actually Spin(32)/Zə rather than SO(32). The stability of this particle 
is ensured by the fact that it is the lightest state belonging to a spinor 
representation. The mod 2 conservation rule is also an obvious consequence 
of the group theory: two spinors can combine to give tensor representations. 
In Chapter 8 it is argued that type I superstring theory is dual to one of 
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the heterotic string theories. The non-BPS D0-brane of the type I theory 
corresponds to a perturbative excitation of the dual heterotic theory. 


The type I' theory 


Let us now examine the T-dual description of the type I theory on a space- 
time of the form IR®! x $1, where the circle has radius R. Since the type 
IIB theory is T dual to the type IIA theory, and the type I theory is an 
orientifold projection of the type IIB theory, one should not be surprised to 
learn that the result is a certain orientifold projection of the type IIA theory 
compactified on the dual circle S! of radius R = a//R. The resulting T-dual 
version is called the type I’ theory. The name type IA is also used. 

Recall that T-duality for a type II theory compactified on a circle corre- 
sponds to the world-sheet transformation 


Xp— —Xp, YR > — Yr, (6.81) 


for the component of X and w along the circle. This implies that 
X=X,+Xp—7X =X,— Xp. (6.82) 


In the case of type IT theories, X describes the dual circle $1. In the type 
I theory world-sheet parity Q, which corresponds to Xr > Xp, is gauged. 
Evidently, in the T-dual formulation this corresponds to 


eee (6.83) 


Therefore, the gauging of Q gives an orbifold projection of the dual circle, 
S 1/Zə. More precisely, the Zg action is an orientifold projection that com- 
bines X > —X with Q. As noted earlier, Q is not a symmetry of the IIA 
theory, since left-moving and right-moving fermions have opposite chirality. 
However, the simultaneous spatial reflection eee 4 compensates for this 
mismatch. 

The quotient S? /Z2 describes half of a circle. In other words, it is the 
interval 0 < X < aR. The other half of the circle is present as a mirror 
image that is also Q reflected. Altogether, the statement of T-duality is the 
equivalence of the compactified IIB orientifold 


(R®! x $1)/Q, (6.84) 
with the type IIA orientifold 
(R®! x §1)/2.-T, (6.85) 


where the symbol Z represents the reflection Xx. 
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The fixed-point set in the type I’ construction consists of a pair of ori- 
entifold 8-planes located at X = 0 and X =7R. Each of these carries —8 
units of R-R charge. Consistency of the type I’ theory requires adding 16 
D8-branes, which are localized at points in the interval 0 < X < TR while 
filling the nine noncompact space-time dimensions. Clearly, these D8-branes 
are the T-duals of the D9-branes of the type I description. 

The positions of the D8-branes along the interval are determined in the 
type I description by Wilson lines in the Cartan subalgebra of SO(32). 
Since this group has rank 16, its Cartan subalgebra has 16 generators. The 
corresponding Wilson lines take values in compact U(1) groups, so these 
values can be characterized by angles 9; that are defined modulo 27. These 
angles determine the dual positions of the D8-branes to be 


X,=6;R, I=1,2,...,16. (6.86) 


The SO(32) gauge symmetry is broken by the Wilson lines. In terms of the 
type I’ description the unbroken gauge symmetry is given by the following 
rules: 


e When N D8-branes coincide in the interior of the interval, this corresponds 
to an unbroken U(N) gauge group. 

e When N D8-branes coincide with an O87 plane they give an unbroken 
SO(2N) gauge group. 


In both cases the gauge bosons arise as zero modes of D8—D8 open strings. 
In the second case the mirror-image D8-branes also contribute. 

The case of trivial Wilson lines (all 6; = 0) corresponds to having all 16 
D8-branes (and their mirror images) coincide with one of the O8~ planes. 
This gives SO(32) gauge symmetry, of course. In addition, there are two 
U(1) factors. The corresponding gauge fields arise as components of the 
ten-dimensional metric and C% field: g,9 and Cig. 

Somewhat more generally, consider the Wilson lines given by 


0r =0 for I =1,...,8+N and 6;=7 for! =9+N,...,16. (6.87) 


This corresponds to having 8 + N D8-branes coincide with the O87 plane 
at X = 0 and 8— N D8-branes coincide with the O87 plane at X = TR. 
Generically, according to the rules given above, this gives rise to the gauge 
symmetry 


SO(16 + 2N) x SO(16 — 2N) x U(1)?. (6.88) 


However, for the particular value of the radius R=\/ gsNa!/8 one finds the 
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gauge symmetry enhancement’ 
SO(16 — 2N) x U(1) > Eg_n. (6.89) 


This is a nonperturbative symmetry enhancement. As such, it cannot be ex- 
plained using the tools that have been described so far. It is best understood 
in terms of the S-dual heterotic string described in Chapter 8. 





EXERCISES 





EXERCISE 6.8 
Show that under a T-duality transformation in the x° direction the world- 
sheet parity operator Q of the type IIB theory transforms as follows: 


Q in IB — IoQ in IIA, 
where Ig inverts the sign of the ninth coordinates X°? — -X° and w? —> 


—w. How does QIy act on the type IIA space-time fermions? 


SOLUTION 


The orientifold projection Q in type IIB corresponds to TgQTy in type IA, 
because the Tg operations map back and forth between type IA and type 
IIB. Therefore, the desired result is obtained if one can verify the identity 


To QT = IgQ. 
This identity holds because 
To QT9 : (X?, XR) > (Xz, XR) è ( XR XD) a (-X},—X?) 





and 
I9Q : (X?, XR) => (XR, X?) —* (—Xh, —X?). 


The fermi coordinate Y°’ transforms in exactly the same way. 

The combined operation J99 maps R-NS type IIA space-time spinors to 
NS-R space-time spinors of the same chirality. The operation Q interchanges 
the R-NS and NS-R fermions, and the operation Ig reverses their chirality. 
This is what must happen in order to define a nontrivial projection operator. 














7 Ee, E7, and Eg are exceptional Lie groups. The meaning of En with n < 6 can be inferred by 
extrapolating Dynkin diagrams. This gives Es = SO(10), E4 = SU(5), E3 = SU(3) x SU(2), 
E = SU(2) x U(1) and Fy = SU(2). 
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6.4 T-duality in the presence of background fields 


The previous sections have discussed T-duality for string theories compact- 
ified on a circle with the assumption that the remaining space-time dimen- 
sions are described by Minkowski space-time and that all other background 
fields vanish. In this section we shall discuss the generalization of the T- 
duality transformations along a circle in curved space-times with background 
fields. The first part considers NS-NS background fields: the graviton guv, 
two-form tensor 6,,, and dilaton ©, while the second part considers the 
nontrivial R-R background fields. 


NS-—NS sector fields 


The massless fields that appear in the closed bosonic-string spectrum or the 
NS-NS sector of either type II superstring consist of the space-time metric 
guv, the two-form By and the dilaton ®. So far we have only considered a 
flat background with vanishing Bv. The value of exp(®) gives the string 
coupling constant gs, which has been assumed to be constant and small. One 
can analyze more general possibilities by introducing the background fields 
into the world-sheet action. This cannot be done in an arbitrary way, since 
the action only has the required conformal symmetry for backgrounds that 
are consistent solutions of the theory. One possibility that works is for all of 
the background fields to be constants. There are more general possibilities, 
which are explored in this section. 

The appropriate generalization of the world-sheet action in conformal 
gauge that includes NS—NS background fields is 








S = Sy + SB + Se, (6.90) 
with 
1 a V 
E J Pon P vO. X" 38X”, (6.91) 
Sg = —— | doe? ByydyX"OgX” 2 
B= Ara O€ pv Pa BA; (6.9 ) 
1 
Se => Í dov -hb R®. (6.93) 


The first term replaces the Minkowski metric with the more general space- 
time metric in the obvious way. The second term expresses the fact that the 
fundamental string carries NS-NS two-form charge, just as the half-BPS 
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D-branes carry R-R charge. In differential form notation for the pull- 
back field, it is proportional to f B2. The coefficient says that the two-form 
charge is equal to the string tension. For suitable normalization conven- 
tions, this is required by supersymmetry. The ® term is higher-order in the 
a’ expansion. Note also that both the B term and the ® term are total 
derivatives for constant fields. Even so, they have an important influence on 
the physics. The Sg term contributes to the world-sheet canonical momenta 
and hence to the canonical commutation relations. The dilaton determines 
the string coupling constant precisely due to the term Sg, as was discussed 
in Chapter 3. 

If the background fields are independent of the circular coordinate (for 
example, X? in the case of the superstring), the T-dual world-sheet theory 
can be derived by a duality transformation of the X° coordinate. The for- 
mulas can be derived by using the Lagrange multiplier method introduced 
in Section 6.1. Introducing a Lagrange multiplier X? consider the action 


4ra S = if @aly —hh?F ( = 999 Va V8 = 299 Vag X” = Juva X 0g X” )+ 


2° ( Bop Vaðg X" + Buy Oo XHOgX”) + KELI Vg + a! VAR O(X)]. 


(6.94) 

In the above action u,v = 0,...,8 refer to all space-time coordinates except 
X?. The X? equation of motion, 

ce 3a Va = 0, (6.95) 


is solved by writing Vg = 03X°. Substituting this into the action returns us 
to the original action (6.90). On the other hand, using the Va equations of 
motion to eliminate this field, gives the dual action 








S = S3 + Sg + 55, (6.96) 
where the background fields of the dual theory are given by 
s 1 E Bo 3 Boy Bov — J9u99 
g99 = —, Jou = —, Juv = Jw + a a. 
999 J99 J99 
x A z Bo, — B 
Bou = -B9 = LA Bw = Bw 4 Pu ev a (6.97) 
999 999 


The dilaton transformation rule requires a different analysis. We argued 
in Section 6.2 that the type IIA and type IIB coupling constants are related 
by 9s = gsVa’/R. For the identifications ggg = R?/a’ and ĝgg = R /a’, this 
implies that 


~ 1 
@ = & — z log g99, (6.98) 
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at least if we assume go, = go, = 0. Equation (6.66) can be understood as 
the vacuum expectation value of this relation. 


R-R sector fields 


The massless spectrum of each of the superstring theories also contains 
bosonic fields in the R-R sector. There is an obstruction to describing 
their coupling to the string world sheet in the RNS formulation, a fact that 
is a fundamental limitation of this approach. They can be coupled to the 
world sheet in the GS formulation, in which case they have couplings of the 
form OPH An QF iy oun: 

A possible approach to understanding the behavior of R-R background 
fields under T-duality is to go back to the construction of these fields as 
bilinears in fermionic fields in the GS formulation of the superstring and 
use the fact that under T-duality the right-moving fermions are multiplied 
by a Dirac matrix (see Exercise 6.6). Alternatively, since they couple to 
D-branes, one can use the T-duality properties of D-branes to deduce the 
transformation rules. Either method leads to the same conclusion. In total, 
the effect of T-duality on the R-R tensor fields of the type IIA theory is to 
give the following type IIB R-R fields: 


Co =C; Cy = C9, Cug = Cuv, Cuv = Cwwr9- (6.99) 


As a result, the odd-form potentials of the type IIA theory are mapped to 
the even-form potentials of the type IIB theory. These formulas can be read 
backwards to describe the transformations in the other direction, that is, 
from type IIB to type IIA. These formulas are only valid for trivial NS-NS 
backgrounds (Buv = 0, guv = Nu and constant ®). Otherwise, they need to 
be generalized. 


6.5 World-volume actions for D-branes 


Let us now turn to the construction of world-volume actions for D-branes. 
The basic idea is that modes of the open strings that start and end on a 
given D-brane can be described by fields that are restricted to the world 
volume of the D-brane. In order to describe the dynamics of the D-brane at 
energies that are low compared to the string scale, only the massless open- 
string modes need to be considered, and one can construct a low-energy 
effective action based entirely on them. Thus, associated with a Dp-brane, 
there is a (p+1)-dimensional effective field theory of massless fields (scalars, 
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spinors, and vectors), that captures the low-energy dynamics of the D-brane 
in question. 

Restricting our attention to the half-BPS D-branes, p is even for the type 
IIA theory and odd for the type IIB theory. As was explained, these are 
the stable D-branes that preserve half of the space-time supersymmetry. 
Associated with such a brane there is a world-volume theory that has 16 
conserved supercharges. The way to construct this theory is to use the GS 
formalism with x symmetry. This construction is carried out here for a flat 
space-time background.® In fact, this was done already in Chapter 5 for the 
case of a DO-brane in the type IIA theory. 

There are a number of interesting generalizations. One is the extension 
to a curved background, as well as the coupling to background fields in 
both the NS-NS and R-R sectors. Such actions are described later, but 
only for the truncation to the bosonic sector, which has no k symmetry. 
An extension that is especially interesting is the generalization to multiple 
coincident D-branes. In this case the world-volume theory has a nonabelian 
gauge symmetry, and there are interesting new phenomena that emerge. 


Kappa symmetric D-brane actions 
The D-brane world-volume theories that follow contain the same ingredients 


as in Chapter 5 as well as one new ingredient. The familiar ingredients are 
the functions 


X"(o), 


which describe the embedding of the D-brane in ten-dimensional Minkowski 
space-time. Here the coordinates 0%, a = 0,1,...,p, parametrize the Dp- 
brane world volume. The other familiar ingredient is a pair of Majorana- 
Weyl spinors, 


91 (0) and o” (0), 


which extends the mapping to V = 2 superspace. The new ingredient is an 
abelian world-volume gauge field Ag(c). 


Counting of degrees of freedom 
There are several ways of understanding the necessity of the gauge field. 
Perhaps the best one is to realize that it is part of the spectrum of the 
open string that starts and ends on the D-brane. As a check, one can verify 


8 It can be generalized to other backgrounds, provided that they satisfy the classical supergravity 
field equations. 


6.5 World-volume actions for D-branes 231 


that there are an equal number of physical bosonic and fermionic degrees 
of freedom, as required by supersymmetry. In fact, after all local symme- 
tries are taken into account, the physical content should be the same as 
in maximally supersymmetric Maxwell theory, which also has 16 conserved 
supercharges. That theory has eight propagating fermionic states and eight 
propagating bosonic states. In ten dimensions the relevant massless super- 
multiplet in the open-string spectrum consists of a massless vector and a 
Majorana—Weyl] spinor. 

The fields 04% have 32 real components. Kappa symmetry gives a factor 
of two reduction and the Dirac equation implies that half of the remaining 16 
components are independent propagating degrees of freedom. This is correct 
counting for all values of p. The bosonic degrees of freedom come partly 
from X” and partly from Aa. Taking account of the p+ 1 diffeomorphism 
symmetries that are built into the world-volume theory, only 10 — (p+ 1) = 
9 — p components of the X” are propagating degrees of freedom. These 
are the components that describe transverse excitations of the Dp-brane. 
The gauge field Aa has p + 1 components, but for a gauge-invariant theory 
two of them are nondynamical, so A contributes p — 1 physical degrees 
of freedom. Altogether, the total number of physical bosonic degrees of 
freedom is (9 — p) + (p — 1) = 8, as required by supersymmetry. 


Born-Infeld action 


Before the advent of quantum mechanics, Born and Infeld proposed a nonlin- 
ear generalization of Maxwell theory in an attempt to eliminate the infinite 
classical self-energy of a charged point particle. They suggested replacing 
the Maxwell action by 





ee J - det(nag + kFap) d'o, (6.100) 


where k is a constant. Expanding in powers of F gives a constant plus the 
Maxwell action plus higher powers of F. The Born-Infeld action was an 
inspired guess in that exactly this structure appears in low-energy effective 
D-brane actions. They were led to this structure by realizing that it would 
be generally covariant if the Lorentz metric were replaced by an arbitrary 
space-time metric. This reasoning does not give a unique result, however. 
To see evidence that such a formula is required in string theory, consider 
specializing to the two-dimensional D1-brane case and supposing that the 
spatial dimension is a circle. Evaluating the determinant in this case gives 


vi — k2F2 do. (6.101) 
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By T-duality there should be a dual interpretation in terms of a DO-brane 
on a dual circle. In this case it was shown in Chapter 5 that 


1 yl 


Apa x, (6.102) 





27a! 


where X! is the coordinate on the dual circle. This gives a field strength 


Ai 


Foi = — v where v=X. (6.103) 





1 
270! 
Here v is the velocity of the D0-brane on the dual circle. The spatial integra- 
tion gives a constant factor, and one is left with the action for a relativistic 
particle (compare with Chapter 2) 


-m f V1—v? dt, (6.104) 


for the choice 
k = 2ra. (6.105) 


Thus the Born-Infeld structure is required for Lorentz invariance of the 
T-dual description. 

Generalizing to p + 1 dimensions, the Born-Infeld structure combines 
nicely with the usual Nambu-Goto structure for a Dp-brane (discussed in 
Chapter 2) to give the action 





Sı = —Tpp | d?to,/—det(Gag + kFag), (6.106) 
p B B 


where Tp, is the tension (or energy density), and k = 27a’. For type 
II superstrings in Minkowski space-time supersymmetry is incorporated by 
defining 


Gab = Nu MHG, (6.107) 
where 
IIE = ða X" — OTH O4. (6.108) 
This is the same supersymmetric combination introduced in Chapter 5. 
Also, 
Fap = Fag + bap, (6.109) 
where F = dA is the usual Maxwell field strength and the two-form b is a 


O-dependent term that is required in order that F is supersymmetric. The 
concrete expression, whose verification is a homework problem, is 


B a 1- 
b = (O'T dO! — T ,dO’°)(dX“ — z0^T”d9^). (6.110) 
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An action with the general structure of S1 is usually referred to as a DBI 
action, referring to Dirac, Born and Infeld, even though it would make sense 
to refer to Nambu and Goto, as well. As in the examples described in 
Chapter 5, a Chern—Simons action Sy still needs to be added in order to 
implement k symmetry. The form of S2 is determined below. 


D-brane tensions 


As was already mentioned, the DBI Lagrangian density can be expanded in 
powers of the field strength. The first term is proportional to ,/— det Gag. 
A convenient gauge choice is the static gauge in which the diffeomorphism 
symmetry is used to set the first p + 1 components of X" equal to the 
world-volume coordinates a“, while the other 9 — p components survive as 
scalar fields on the world volume that describe transverse excitations of the 
brane. In the static gauge, the Lagrangian density consists of the constant 
term —Tpp plus field-dependent terms. Thus the Hamiltonian density, which 
gives the energy density of the brane, is +Tpp plus positive field-dependent 
terms. The zero-point energies of the world-volume fields exactly cancel, 
thanks to supersymmetry, so this remains true in the quantum theory. The 
Maxwell term (the term quadratic in k in the expansion of S1) can be written 
in the form (see Exercise 6.6) 


1 
SMaxwell = AG? J FygF da. (6.111) 


Here g is the gauge coupling in p+1 dimensions, which is proportional to the 
dimensionless open-string coupling constant gopen, since the gauge field is 
an open-string excitation. The open-string coupling is related in turn to the 
closed-string coupling gs by gs = Jopet: These facts imply that the Dp-brane 
tension is given by 
Top = =. (6.112) 
Ys 
The numerical factor cp is derived below. 

The tension of a Dp-brane (in the string frame) is proportional to 1/gs. 
This shows that D-branes are nonperturbative excitations of string theory, 
which become very heavy at weak coupling. This justifies treating them 
as rigid objects in the weak-coupling limit. The tension of a D-brane in- 
creases more slowly for gs — 0 than more conventional solitons, such as the 
NS5-brane, the magnetic dual of the fundamental string, whose tension is 
proportional to 1/g?. When the growth is this rapid, there is no longer a 
weak-coupling regime in which it is a valid approximation to neglect the 
gravitational back reaction on the geometry in the vicinity of the brane. 
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One reason D-branes are useful probes of string geometry is that a tension 
proportional to 1/gs does allow for such a regime. Chapter 12 considers a 
situation in which the number of D-branes N is increased at the same time 
as gs > 0 with N ~ 1/gs. The gravitational effects of the D-branes survive 
in this limit. 

The same type of reasoning used earlier to relate the type IIA and IIB 
string coupling constants can be used to determine D-brane tensions. T- 
duality exchanges a wrapped Dp-brane in the type IIA theory and an un- 
wrapped D(p — 1)-brane in the type IIB theory (and vice versa). Using this 
fact, compactification of the D-brane action on a circle gives (for p even) the 


relation 27RTpp = Tp(p—1); Or 
ils yee (6.113) 
Js 9s 


Inserting the relation between the string coupling constants in Eq. (6.66) 
gives 
1 
Cp = Slee 
If one sets Tpo = (geva! mer a result that is derived in Chapter 8, then one 
obtains the precise formula 


(6.114) 


1 
TpDp = gs(2T)P (a) +92 : 





(6.115) 


As before, it is understood that the type IIA string coupling constant is used 
if p is even, and the type IIB coupling constant is used if p is odd. 


The construction of S2 


Supersymmetric D-brane actions require k symmetry in order to have the 
right number of fermionic degrees of freedom. As in the examples of Chap- 
ter 5, this requires the addition of a Chern—Simons term, which can be 
written as the integral of a (p + 1)-form 


S2 = Jos (6.116) 


However, as in the case of the superstring, it is easier to construct the (p+2)- 
form dQ,+1. It is manifestly invariant under supersymmetry, whereas the 
supersymmetry variation of Qp+1 is a total derivative. 

The analysis is rather lengthy, but it involves the same techniques that 
were described for simpler examples in Chapter 5. Let us settle here for a 
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description of the result. The answer takes the form 
dO = Gert der, (6.117) 


where ae is a 2x 2 matrix of p-form valued Dirac matrices and A, B = 1,2 
is summed. Comparing to the result for the DO-brane given in Chapter 5, 
gives in that case 


Q1 = —mOT;,d0 = m(O1de? — 67de'), (6.118) 


which implies that 


T=m( 9 a (6.119) 


The formula for D-brane tensions gives the identification 
1 
gsV al 


Now let us present the general result for S2. It turns out to be simpler to 


m = Tpo = (6.120) 


give all the results at once rather than to enumerate them one by one. In 
other words, the expression for 

CO 

Torey ae (6.121) 

p=0 
can be written relatively compactly.” In the type IIA case the sum is over 
even values of p, and in the type IIB case the sum is over odd values of p. 
Given 7, which is a sum of differential forms of various orders, one simply 
extracts the p-form part to obtain 7p and construct the Chern—Simons term 
S2 of the Dp-brane action. Forms of order higher than 9 are not relevant. 
The expression for T turns out to have the form 


TAB = m e? F fAB yg), (6.122) 


where F is given in Eq. (6.109), and 4% is a matrix-valued one-form given by 


1 


In the type IA case 


f(b) = ( ae 3 a ) (6.124) 


9 Recall that sums of differential forms of various orders were encountered earlier in the anomaly 
discussion of Chapter 5. 
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and in the type IIB case 


fy) = ( a 4 pa ) (6.125) 


The formulas for the functions f ensure that the matrix is symmetric or 
antisymmetric for the appropriate powers of p, as required when T is sand- 
wiched between Majorana—Wey] spinors. It is not obvious that the formulas 
for dQp+1 presented here are closed. However, with a certain amount of 
effort, this can be proved and the formulas for Qp+1ı can be extracted. 


The static gauge 


As was briefly mentioned earlier, the static gauge consists of using the diffeo- 
morphism symmetry of the Dp-brane action to identify p+1 of the space-time 
coordinates X” with the world-volume coordinates 0°. Let us then relabel 
the remaining 9 — p coordinates as 27a/6' to emphasize the fact that they 
are scalar fields of the world-volume theory with mass dimension equal to 
one. Doing this, the bosonic part of the DBI action collapses to the form 





Sppt = —Tpp | d?**oy/— det(nag + k?0q P03! + k Fy), (6.126) 
p B b B 


where k = 27a’, as before. 

Now let us generalize this result to include fermion degrees of freedom, 
by considering first the D9-brane case. This requires making a gauge choice 
for the k symmetry. A particularly nice choice, which maintains manifest 
Lorentz invariance, is to use this freedom to set one of the two ©4s equal 
to zero. This completely kills the Chern—Simons term, because the matrices 
f. and fP) are entirely off-diagonal. Making this gauge choice in the 
special case p = 9 and renaming the remaining Majorana—Weyl © variable 
as kX gives the action Spg equal to 





Too J doy) — det (Nag + kFag — 2k? AT a08 A + k8ALPVOQAAL yA). 
(6.127) 
It is truly remarkable that this nonlinear extension of ten-dimensional 
super-Maxwell theory has exact unbroken supersymmetry. In addition to 
the usual 16 linearly realized supersymmetries of super-Maxwell theory, it 
also has 16 nonlinearly realized supersymmetries that represent the sponta- 
neously broken supersymmetries that gave rise to \ as a Goldstone fermion. 
Put differently, this action combines features of the Born—Infeld theory with 
features of the Volkov—Akulov theory of the Goldstone fermion. 
The static gauge Dp-brane actions with p < 9 can be obtained in a similar 
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manner. However, a quicker method is to note that they can be obtained 
by dimensional reduction of the gauge-fixed D9-brane action in Eq. (6.127). 
Dimensional reduction simply means dropping the dependence of the world- 
volume fields on 9 — p of the coordinates. This works for both even and odd 
values of p. For example, dimensional reduction of Eq. (6.127) to four dimen- 
sions gives an exactly supersymmetric nonlinear extension of NV = 4 super 
Maxwell theory. The supersymmetry transformations are complicated, be- 
cause the gauge-fixing procedure contributes induced « transformations to 
the original ¢ transformations of the fields. 


Bosonic D-brane actions with background fields 


The D-brane actions obtained in the previous section are of interest as they 
describe D-branes in flat space. However, one frequently needs a general- 
ization that describes the D-brane in a more general background in which 
the various bosonic massless supergravity fields are allowed to take arbitrary 
values. These actions exhibit interesting features, that we shall now address. 


The abelian case 


The background fields in the NS-NS sector are the space-time metric guv, 
the two-form B, and the dilaton @. These can be pulled back to the world 
volume 


Plg + Blag = (uv + Buv)OaX"OgX”. (6.128) 


Henceforth, for ease of writing, pullbacks are implicit, and this is denoted 
Jag + Bag. Note that this gag is the bosonic restriction of the quantity 
that was called Gag previously. With this definition, the DBI term in static 
gauge takes the form 





SDp = —Tpp Í dP+1ge—Po y- det (Jas + Bag + katog + KF yg): 
(6.129) 
Since the string coupling constant gs is already included in the tension Tpp, 
the dilaton field is shifted by a constant so that it has vanishing expectation 
value (® = log gs + ®o). This is the significance of the subscript. Note that 
invariance under a two-form gauge transformation 


ôB = dA (6.130) 


requires a compensating shift of the gauge field A. 
The possibility of R-R background fields should also be considered. They 
do not contribute to the DBI action, but they play an important role in 


238 T-duality and D-branes 


the Chern-Simons term. Let us denote an n-form R-R field by Cn and 
the corresponding field strength by Fn+1 = dCn. Previously, it was stated 
that the complete list of these fields in type II superstring theories involves 
only n = 0,1,2,3,4. However, it is convenient to introduce redundant fields 
Cn for n = 5,6,7,8. This makes it possible to treat electric and magnetic 
couplings in a more symmetrical manner and leads to more elegant formulas. 
The idea is to generalize the self-duality of the five-form field strength by 
requiring that 


KP yay = Fo_n.- (6.131) 


This requires that the R-R gauge fields are harmonic. This can be general- 
ized to allow for interactions by including additional terms in the definitions 
of the field strengths Fnh+1 =dC,+... 

The Cn fields are differential forms in ten-dimensional space-time. How- 
ever, they can also be pulled back to the D-brane world volume, after which 
they are represented by the same symbols. Then the Chern—Simons term 
must contain a contribution 


ty f Cosas (6.132) 


where up denotes the Dp-brane charge, since a Dp-brane couples electrically 
to the R-R field Cp41. However, this is not the entire Chern—-Simons term. 
In the presence of a background B field or world-volume gauge fields, the 
D-brane also couples to R-R potentials of lower rank. This can be described 
most elegantly in terms of the total R-R potential 


CaS Cx (6.133) 


The result then turns out to be 
BoE / (c eBtEF ) l (6.134) 
p+1 


The subscript means that one should extract the (p+1)-form piece of the in- 
tegrand. Since B and F are two-forms, only odd-rank R-R fields contribute 
for even p (the IIA case) and only even-rank R-R fields contribute for odd 
p (the IIB case). The B and F fields appear in the same combination as in 
the DBI term, and so the two-form gauge invariance still works in the same 
way. The structure of the Chern-Simons term implies that a Dp-brane in 
the presence of suitable backgrounds can also carry induced charge of the 
type that is associated with a D(p — 2n)-brane for n = 0,1,... Generically, 
this charge is smeared over the (p+ 1)-dimensional world volume, though in 
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special cases it may be concentrated on a lower-dimensional hypersurface, 
for example a brane within a brane. 

In the presence of space-time curvature the Chern—Simons term contains 
an additional factor involving differential forms constructed from the curva- 
ture tensor. We won’t describe this factor, since it would require a rather 
long digression. It reduces to 1 in a flat space-time, which is the case con- 
sidered here. 


The nonabelian case 


When N Dp-branes coincide, the world-volume theory is a U(NV) gauge the- 
ory. Almost all studies of nonabelian D-brane actions use the static gauge 
from the outset, since otherwise it is unclear how to implement diffeomor- 
phism invariance and k symmetry. In the static gauge the world-volume 
fields are just those of a maximally supersymmetric vector supermultiplet: 
gauge fields, scalars and spinors, all in the adjoint representation of U(N). 
If one only wants to describe the leading nontrivial terms in a weak-field ex- 
pansion, the result is exactly super Yang-Mills theory. This approximation 
is sufficient for many purposes including the important examples of Matrix 
theory, based on DO0-branes, and AdS/CFT duality, based on D3-branes, 
which are discussed in Chapter 12. 

When one tries to include higher powers of fields to give formulas that cor- 
rectly describe nonabelian D-brane physics for strong fields, the subject can 
become mathematically challenging and physically confusing. The reason it 
can be confusing concerns the domain of validity of DBI-type actions. They 
are meant to capture the physics in the regime of approximation in which 
the background fields and the world-volume gauge fields are allowed to be 
arbitrarily large, but whose variation is small over distances of order the 
string scale. The requirement of slow variation is meant to justify dropping 
terms involving derivatives of the world-volume fields. The tricky issue in 
the nonabelian case is that one should use covariant derivatives to maintain 
gauge invariance, but there are relations of the form 


[Do, De] ~ Fap. (6.135) 


This makes it somewhat ambiguous whether a term is derivative or not, and 
so it is not obvious how to suppress rapid variation while allowing strong 
fields. Nonetheless, some success has been achieved, which will now be 
described. 

Henceforth all fermion fields are set to zero and only bosonic actions are 
considered. In addition to the background fields g, B, ® and C, the desired 
actions contain adjoint gauge fields A and 9 — p adjoint scalars ®*, both of 


240 T-duality and D-branes 


which are represented as hermitian N x N matrices. The notation that is 
used is 


Ag=S (ACT, md.  @ Sy oT, (6.136) 


where T, are N? hermitian N x N matrices satisfying Tr(TinTn) = Nômn- 
We also definet? 


Fup = On.Ag a gAa + iļlAx, Ag], (6.137) 


Da’ = ða + i[Ag, 8]. (6.138) 


Let us start with the nonabelian D9-brane action, which is relatively sim- 
ple, because there are no scalar fields. In this case the proposed DBI term 
is 





Sı = —Tpg | doe™® Tr ( 4/— det (gag + Bag + kFag)). (6.139) 
B B p 


This innocent-looking formula requires explanation. The determinant refers 
to the 10x10 matrix labelled by the Lorentz indices. However, the expression 
inside the determinant is also an N x N matrix, assuming that g and B are 
multiplied by unit matrices. The understanding is that the square root of 
the determinant is computed for each of the N? matrix elements, though 
only the diagonal entries are required, since the trace of the resulting N x N 
matrix needs to be taken. This is the simplest prescription that makes 
sense, and it has survived a number of checks. For example, if one chooses 
the positive branch of the square root in each case, then the trace is N plus 
field-dependent terms. This gives an energy density of N times the tension 
of a single brane, as one expects for N coincident branes. 
In similar fashion, the proposed nonabelian D9-brane Chern-Simons term 
is 
S2 = m fT (c gare) (6.140) 


Starting from this ansatz for the p = 9 case, Myers was able to deduce a 


10. 


unique formula for all the p < 9 cases by implementing consistency with 
T-duality. This required allowing the background fields to be functionals 
of the nonabelian coordinates and the introduction of nonabelian pullbacks. 
The formula that was obtained in this way has a complicated ® dependence. 
Rather than describing it in detail, we settle here for pointing out an inter- 
esting feature of the result: in the abelian case a Dp-brane can couple to 


10 When the Tn s are chosen to be antihermitian, the factors of i do not appear. 
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the R-R potentials Cp_1, Cp_3,... in addition to the usual C,,1. The sur- 
prising result in the nonabelian case is that the Dp-brane can also couple to 
the higher-rank R-R potentials Cp+3,Cp45,... 


The Myers effect 


The coupling of nonabelian D-branes to higher-rank R-R potentials has 
some interesting physical consequences. The simplest example, due to My- 
ers, concerns N coincident DO-branes in the presence of constant four-form 
flux Fy = dC3. The flux is chosen to be electric, meaning that the only 
nonzero components have a time index and three spatial indices Fo;;,. It 
is sufficient to restrict the nonvanishing components to three spatial direc- 
tions and write Foijk = feijz, where f is a constant. All other background 
fields are set to zero, and the background geometry is assumed to be ten- 
dimensional Minkowski space-time. The result to be described concerns the 
point-like D0-brane system becoming polarized into a fuzzy two-sphere by 
the electric field. 

The relevant terms that need to be considered are a kinetic energy term 
proportional to Tr(‘6*), which comes from the DBI term, and a potential 
energy term 


V(®) ~ TT" ®/][®', &/]) — ` fey Tr(®'0I05), (6.141) 


The first term in the potential comes from the DBI action, and the second 
term in the potential, which is the coupling to the R-R four-form electric 
field, comes from the nonabelian CS action. Now let us look for a static 
solution for which the potential is extremal, which requires 


[[®', ©], ©] + ifeijn[O’, &*] = 0. (6142) 


A class of solutions of this equation is obtained by letting t = fat/2, where 
a’ is an N-dimensional representation of SU(2) satisfying 


[a*, of] = 2ieijpa". (6.143) 


This gives many possible solutions (besides zero) if N is large — one for 
each partition of N. However, the one of lowest energy is given by the 
N-dimensional irreducible representation of SU(2), which satisfies 


TOE E N(N? E (6.144) 


Recall that in the abelian theory 27a/®* is interpreted as a transverse 
coordinate of the D-brane. In the nonabelian theory this becomes an N x N 
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matrix, so this identification is not so straightforward anymore. In the ab- 
sence of the four-form electric field, the preferred configurations that min- 
imize the potential have [6’, i] = 0. This allows one to define a moduli 
space on which these matrices are simultaneously diagonal. One can inter- 
pret the diagonal entries as characterizing the positions of the N D-branes. 
The pattern of U(N) symmetry breaking is encoded in the degeneracies of 
these positions. 

In the presence of the four-form flux, the $’ no longer commute at the 
extrema of the potential, and so the classical interpretation of the D-brane 
positions breaks down. There is an irreducible fuzziness in the description of 
their positions. One can say that the mean-square value of the ith coordinate 
(averaged over all N D-branes) is given by 


(x2) = L (2ra PT (0). (6.145) 


Summing over the three coordinates gives a “fuzzy sphere” whose radius 
R squared is the sum of three such terms. Substituting the ground-state 
solution gives 


R? = (nd f)?(N? — 1). (6.146) 


For large N the sphere becomes less fuzzy, and the radius is approximately 
R = na'fN. Specifically, the uncertainty 6R is proportional to 1/N. So 
the radius is proportional to the strength of the electric field and the num- 
ber of D0-branes. If one used a reducible representation of SU (2) instead, 
one would find a set of concentric fuzzy spheres, one for each irreducible 
component. However, such solutions are energetically disfavored. 

The fuzzy sphere has an alternative interpretation as a spherical D2-brane 
with N dissolved D0-branes. For large N this can be analyzed using the 
abelian D2-brane theory. The total D2-brane charge is zero, though there is 
a nonzero D2-charge electric dipole moment, which couples to the four-form 
electric field. The previous results can be reproduced, at least for large N, 
in this picture. 





EXERCISES 





EXERCISE 6.9 
Expand (6.106) to quartic order in k and show that the quadratic term gives 
the Maxwell action (6.111). 


6.5 World-volume actions for D-branes 243 
SOLUTION 
Because 
det (Gog + kFag) = det(Gog +kFyg)? = det (Gag — kF yg), 
this is an even function of k. Using a matrix notation, let us define 
M=kG"'F. 
Then 








/—det(G+kF) = V— det Gv/det(1 + M) 


= v= det G| det(1 M?)| T 
Next, we use the identity 
log det(1 — M?) = trlog(1 — M°?) = -tr( m? + imt +.. A 
Thus 
| det(1 — M?) ae = exp ( — Tem? — tre! +. ) 


1 1 1 
= 1 — —trM? — -trM* + —(trM?)? +... 
g” ge a MR 


The final form of the action has a constant energy-density term, a quadratic 
Maxwell-type term, plus higher-order corrections 





Sı = —Tp dP*16,/—det(Gog + kFa 
p p B 


k? 
= —Tpp / d+ oy/— det G(1 + graer” 
ki kA i 
a a e a g s) 


Indices are raised in this formula using the inverse of the induced metric 
Gag- The Maxwell term has the normalization A f Fy gh dto for the 


identification g? = (2r)P -2E Fg. 0 





EXERCISE 6.10 
Consider the static-gauge DBI action for a Dp-brane given in Eq. (6.126) 





SDBI = —Tpp | Ptto,/— det(nag + k20,B1038! + kFag). 
p B B b 
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What types of charged soliton solutions is this theory expected to have? 
What are their physical interpretations? 


SOLUTION 


This is a (p + 1)-dimensional theory containing a U(1) gauge field. A one- 
form gauge field can couple electrically to a point-like charge in any di- 
mension. Furthermore, as we have learned, it can couple magnetically to a 
(p — 3)-brane for D = p+ 1. Therefore, a solitonic 0-brane solution could 
be an electric source of the gauge field and a solitonic (p — 3)-brane solution 
could be a magnetic source of the gauge field. 


If these solitons do actually exist (finding them is homework), then they 
should have an interpretation from the point of view of the ten-dimensional 
superstring theory that contains the Dp-brane. The defining property of a D- 
brane is that a fundamental string can end on it. Moreover, the fundamental 
string carries a unit of Chan—Paton electric charge at its end. Thus the 
electrically charged 0-brane soliton should be interpreted as the end of a 
fundamental string. 


Recall that the scalars ê can be interpreted as transverse displacements 
of the D-brane. Using this fact, the solution that one finds actually exhibits 
a spike sticking out from the D-brane that asymptotically approaches zero 
thickness. So the solution allows one to see the entire string, not just its 
end point. In fact, the solution describes a smooth transition from a p- 
dimensional D-brane to a one-dimensional string. 


The magnetic solution is somewhat similar. In this case a (p — 3)-brane 
soliton is the end of a D(p — 2)-brane. In other words, a D(p — 2)-brane 
can end on a Dp-brane. When it does so, its end, which has p — 2 spatial 
dimensions, is interpreted as a magnetic source of the U(1) gauge field in the 
Dp-brane world-volume theory. Again, the explicit soliton solution allows 
one to see the entire D(p — 2)-brane protruding from the Dp-brane. m 








HOMEWORK PROBLEMS 





PROBLEM 6.1 

Consider the type IIA and type IIB superstring theories compactified on a 
circle so that the space-time is Mig = R®! x St, where R®! denotes nine- 
dimensional Minkowski space-time. Show that the spectrum of the type IIA 
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theory for radius R agrees with the spectrum of the type IIB theory for 
radius R = a‘/R. 


PROBLEM 6.2 
Equations (6.38) and (6.39) describe a generalization of the result of Exer- 
cise 6.2 from a U(1) gauge field to a U(N) gauge field 


1 
2r R 


where the 0s are again constants. Derive these equations. 


A=- 





diag(@1,02,...,0n), 


PROBLEM 6.3 

The T-duality rules for R-R sector tensor fields can be derived by taking into 
account that the field strengths are constructed as bilinears in Majorana- 
Weyl spinors in the covariant RNS approach. Explicitly, 


Fuiun = WL pn PR: 


(i) Explain why n is even for the type IIA theory and odd for the type 
IIB theory. 

(ii) Explain why (in differential form notation) Fn = *Fio—n. 

(iii) Show that, for both the type IIA and type IIB theories, the number of 
independent components of the tensor fields agrees with the number 
of degrees of freedom of a tensor product of two Weyl—Majorana 
spinors in ten dimensions. 


PROBLEM 6.4 

Show that the Dirac equations for wy, and wp in the previous problem imply 
that the field equations and Bianchi identities for the field strengths are 
satisfied, that is, 


OF yr...) = 0, OM Fius. = 0- 


Also, show that, when these equations for F, are re-expressed as equations 
for Fio-n, the field equation and Bianchi identity are interchanged. 


PROBLEM 6.5 

Derive the T-duality transformation formulas for NS—NS background fields 
in (6.97). You may ignore the dilaton term and set hag = Nag. Verify that if 
the transformation is repeated a second time, one recovers the original field 
configuration. 
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PROBLEM 6.6 

Show that the Born—Infeld action (6.100) gives a finite classical self-energy 
for a charged point particle. Hint: show that the solution to the equations 
of motion with a point particle of charge e at the origin is given by 


e 


Er = Fri = ra = 2na’e. 





PROBLEM 6.7 
Consider the DBI action in Eq. (6.106). 


(i) Derive the equation of motion for the gauge field. 

(ii) Expand this equation in powers of k to obtain the leading correction 
to the usual Maxwell field equation of electrodynamics in the absence 
of sources. You may use the result of Exercise 6.9. 


PROBLEM 6.8 

Consider a DO-D8 system in the type I’ theory, where the D0-brane is 
coincident with the D8-brane. There are also other D8-branes and O8-planes 
parallel to the D8-brane, as described in Section 6.3. 


(i) Determine the zero-point energy of a D0-D8 open string in the NS 
sector. 

(ii) Describe the supersymmetries that are preserved by this configura- 
tion. How many of them are there? Hint: Eq. (6.56) shows which su- 
persymmetries are preserved by a single D-brane. The problem here 
is to determine which ones are preserved by both of the D-branes. 


PROBLEM 6.9 

Consider a type I’ configuration in which Mı D8-branes are coincident at 
Xj, = OLR’ and the remaining N2 = 16 — N, D8-branes are coincident at 
Xk = ORR’. 


(i) What is the gauge symmetry for generic positions Xj, and Xp? 
(ii) What is the maximum enhanced gauge symmetry that can be achieved 
for Ny = Nə = 8? How are the D8-branes positioned in this case? 


PROBLEM 6.10 
Show that the right-hand side of Eq. (6.117) is closed. 
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PROBLEM 6.11 


(i) Determine how the two-form b, defined in Eq. (6.110), transforms 
under a supersymmetry transformation. 

(ii) Determine the supersymmetry transformation of the gauge field A for 
which the field strength F, defined in Eq. (6.109), is supersymmetric, 
that is, invariant under supersymmetry transformations. 


PROBLEM 6.12 

By taking account of the pullback on the Dp-brane world volume show that 
the action (6.129) is invariant under (6.130) if a compensating shift of the 
gauge field A is made. 


PROBLEM 6.13 
Consider the static-gauge DBI action for a Dp-brane given in Eq. (6.126) 
that was discussed in Exercise 6.10. 


(i) Find the action for a D3-brane in spherical coordinates (t,r,0,@) for 
the special case in which the only nonzero fields are A;(r) and one 
scalar ®(r). 

(ii) Obtain the equations of motion for A;(r) and ®(r). 

(iii) Find a solution of the equations of motion that corresponds to an 
electric charge at the origin, and deduce the profile of the string 
that is attached to the D3-brane. For what range of r are the DBI 
approximations justified? 


PROBLEM 6.14 
As in the preceding problem, consider the static-gauge DBI action for a 
Dp-brane given in Eq. (6.126) that was discussed in Exercise 6.10. 


(i) Find the action for a D3-brane in spherical coordinates (t,r,0,@) for 
the special case in which the only nonzero fields are Ag(@) and one 
scalar ®(r). 

(ii) Obtain the equations of motion for Ag(@) and ®(r). 

(iii) Find a solution of the equations of motion that corresponds to a 
magnetic charge at the origin and deduce the profile of the D-string 
that is attached to the D3-brane. For what range of r are the DBI 
approximations justified? 
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PROBLEM 6.15 

Compute the minimum of the potential function in Eq. (6.141) when the N- 
dimensional representation of SU(2) is irreducible. What is the minimum 
of the potential if the N-dimensional representation of SU(2) is the sum 
of two irreducible representations? How does it compare to the previous 
result? Describe the fuzzy sphere configuration in this case. 


7 
The heterotic string 


The preceding chapters have described bosonic strings as well as type I 
and type II superstrings. In the case of the bosonic string, one was led to 
26-dimensional Minkowski space-time by the requirement of cancellation of 
the conformal anomaly of the world-sheet theory. Similar reasoning led to 
the conclusion that the type I and type II superstring theories should have 
D=10. 

In all of these theories the world-sheet degrees of freedom can be divided 
into left-movers and right-movers, though in the case of open strings these 
are required to combine so as to give standing waves. In the case of the 
type II superstring theories, the left-moving and right-moving modes in- 
troduce independent conserved supersymmetry charges, each of which is a 
Majorana—Weyl] spinor with 16 real components. Thus, the type II super- 
string theories have two such conserved charges, or N = 2 supersymme- 
try, which means that they have 32 conserved supercharges. The type IIA 
and type IIB theories are distinguished by whether the two Majorana—Weyl 
spinors have the same (IIB) or opposite (IIA) chirality. In the case of the 
type I theory, as well as related theories whose construction involves an 
orientifold projection, the only conserved supercharge that survives the pro- 
jection is the sum of the left-moving and right-moving supercharges of the 
type IIB theory. Thus these theories have M = 1 supersymmetry in ten 
dimensions. 

There is an alternative method of constructing supersymmetrical string 
theories in ten dimensions with M = 1 supersymmetry, which is the topic 
of this chapter. These theories, known as heterotic string theories, imple- 
ment this supersymmetry by combining the left-moving degrees of freedom 
of the 26-dimensional bosonic string theory with the right-moving degrees 
of freedom of the ten-dimensional superstring theory. It is surprising at first 
sight that this is a sensible thing to do, but it leads to interesting new super- 
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string theories. Since heterotic string theories have VV = 1 supersymmetry 
in ten dimensions, they are subject to the consistency conditions required 
by anomaly cancellation that were described in Chapter 5. This means that 
their spectrum must contain massless super Yang—Mills multiplets based on 
either an SO(32) or Eg x Eg gauge group. 

The heterotic construction is the only construction of a ten-dimensional 
superstring with Eg x Eg gauge symmetry, though there is an interesting 
connection to M-theory, which is explored in Chapter 8. On the other hand, 
the heterotic string provides an alternative realization of SO(32) gauge sym- 
metry, which is the gauge group for the type I superstring derived in Chap- 
ter 5. Chapter 8 shows that these two SO(32) theories are actually dual 
descriptions of the same theory. 


7.1 Nonabelian gauge symmetry in string theory 


String theory naturally gives rise to the most interesting types of local gauge 
symmetries. These symmetries are general coordinate invariance, associated 
with a spin 2 quantum (the graviton), local supersymmetries associated with 
spin 3/2 quanta (gravitinos), and Yang-Mills gauge invariances associated 
with spin 1 quanta (gauge particles). Experimentally, the only one of these 
that is unconfirmed is supersymmetry, though there is some indirect evidence 
for it. It would be astonishing if such a wonderful opportunity were not 
utilized by Nature. In fact, if string theory is correct, supersymmetry must 
play a role at least at the Planck scale, if not at lower energies. What is 
certainly observed, and therefore should be incorporated in string theory, is 
local gauge symmetry. Indeed, the standard model of elementary particles, 
which describes the strong, weak and electromagnetic interactions, is based 
on SU(3) x SU(2) x U(1) local gauge symmetry. 


D-branes and orientifold planes 


In the description of string theory presented so far, only one mechanism 
for realizing nonabelian gauge symmetries was described. It involved open 
strings ending on D-branes whose ends carry Chan—Paton charges. The 
SO(32) gauge symmetry of the type I superstring theory is achieved in 
this way. In this theory the open strings end on a collection of 16 space- 
time-filling D9-branes, and there is also a space-time-filling orientifold plane. 
However, even though S'O(32) is a very large group, it is not a very good 
starting point for embedding the standard model. The possibilities for 
achieving nonabelian gauge symmetry utilizing D-branes and orientifold 
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planes become much more elaborate in the context of compactification of 
extra dimensions. 

In the case of the type II superstring theories, after compactification of the 
extra dimensions, various D-branes may fill the four noncompact dimensions 
and wrap various cycles! in the compact dimensions. As was explained in 
Chapter 6, N coincident D-branes have a U(N) gauge symmetry on their 
world volume. If, in addition, there are orientifold planes or singularities in 
the compactification, other types of gauge groups can also arise. Thus by 
incorporating various collections of D-branes, and perhaps orientifold planes, 
a rich variety of gauge theories can be achieved. This is one of the main 
approaches that is being studied for constructing a realistic string model of 
elementary particles. Such constructions are explored in later chapters. 


Isometries of the internal space 


Another possibility for generating gauge symmetry is for the compactifica- 
tion space to have isometries. Then the zero modes of the ten-dimensional 
graviton on the compact manifold give rise to gauge fields in the noncompact 
dimensions that realize the symmetry of the manifold as a gauge symmetry. 
This is a basic feature of Kaluza—Klein compactification. For example, if 
the compact space is an N-torus T, one obtains a U(1)" gauge symme- 
try. Similarly an N-sphere S% gives rise to an SO(N +1) gauge symmetry 
and a projective space with N complex dimensions CP gives SU(N + 1) 
gauge symmetry. The case of S3 plays an important role in the AdS/CFT 
correspondence in Chapter 12. 


Heterotic strings 


The heterotic string theories described in this chapter utilize yet another 
mechanism, special to theories of strings, for implementing local gauge sym- 
metry. The heterotic theories are oriented closed strings, and the properties 
of the left-moving and right-moving modes are different. As was mentioned 
above, the supersymmetry charges are carried by the right-moving currents 
of the string. The heterotic theories realize Yang-Mills gauge symmetries in 
a similar way. Namely, the conserved charges of Yang—Mills gauge symme- 
tries are carried by the left-moving currents of the string. Thus the charges 
are distributed democratically along closed strings. This is to be contrasted 
with the case of the type I superstring theory, where gauge-symmetry charges 
are localized at the end points of open strings. 


1 Supersymmetric cycles are discussed in Chapter 9. 
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7.2 Fermionic construction of the heterotic string 


In this section we would like to construct the action for the heterotic string. 
The conformal gauge action describing the bosonic string is 


1 
Jsa f 0g X,0°X", (7.1) 


where the dimension of space-time is D = 26. This is supplemented by 
Virasoro constraints for both the left-moving and right-moving modes. The 
corresponding conformal gauge action for superstrings in the RNS formalism 
is 


1 z 
s=- : do(ðaX, ðX" + Gaay). (7.2) 


In this case D = 10, and there are super-Virasoro constraints for both the 
left-moving and right-moving modes. The world-sheet fields y” are ten 
two-component Majorana spinors. This superstring action has world-sheet 
supersymmetry. Space-time supersymmetry arises by including both the R 
and NS sectors and imposing the GSO projection, as explained in Chapter 5. 

In order to incorporate gauge degrees of freedom, let us consider a slightly 
different extension of the bosonic string theory. Specifically, let us add world- 
sheet fermions that are singlets under Lorentz transformation in space-time 
but which carry some internal quantum numbers. Introducing n Majorana 
fermions \“ with A = 1,...,n, consider the action 


Saab f do (aX XE HMA). O 3 
T 


This theory has an obvious global SO(n) symmetry under which the \4 
transform in the fundamental representation and the coordinates X" are 
invariant. Since a fermion contributes half a unit to the central charge, the 
requirement that the total central charge should be 26 is satisfied provided 
that D + n/2 = 26. This is one way of describing a compactification of the 
bosonic string theory to D < 26. 

Examining this theory more carefully, one sees that the symmetry is ac- 
tually larger than SO(n). Indeed, writing the terms out explicitly in world- 
sheet light-cone coordinates gives 





S= L J do (204X, 0-X" + iA20 Al + i40_AP). (7.4) 


Written this way, it is evident that the theory actually has an (unwanted) 
SO(n), x SO(n)r global symmetry under which the left-movers and right- 
movers transform independently. One could try to discard the right-movers, 
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for example, and work only with left-moving fermions, which would leave 
only the SO(n), global symmetry. The problem with this, of course, is that 
then it would not be possible to satisfy the central-charge conditions for 
both the left-movers and right-movers at the same time. 

Until now we have discussed bosonic strings, for which the critical dimen- 
sion is 26, and superstrings, for which the critical dimension is 10. In both 
cases the world-sheet left-movers and right-movers are completely decou- 
pled. This independence of the left-movers and right-movers was utilized 
by Gross, Harvey, Martinec and Rohm to propose a type of string theory 
in which the bosonic string structure is used for the left-movers and the 
superstring structure is used for the right-movers. They named this hybrid 
theory the heterotic string. 

Space-time supersymmetry is implemented in the right-moving sector that 
corresponds to the superstring. Associated with this sector there are right- 
moving super-Virasoro constraints and a GSO projection of the usual sort. 
This ensures the absence of tachyons, which are removed by space-time 
supersymmetry. 

Since the left-moving modes correspond to the bosonic string theory, the 
left-moving central charge should be 26, and there are constraints given by 
a left-moving Virasoro algebra. One possibility, known as the fermionic 
construction of the heterotic string is to have ten bosonic left-movers and 32 
fermionic left-movers \“, since this gives a central charge 10 + 32/2 = 26. 
This description makes it clear that this is a ten-dimensional theory, since 
the ten coordinates X" have both left-moving and right-moving degrees of 
freedom. The rest of the degrees of freedom are described by left-moving 
and right-moving fermions. This formulation of the heterotic string theory 
is pursued in the remainder of this section. 

There is an equivalent bosonic construction of the heterotic string, which 
uses 26 left-moving bosonic coordinates. It is surprising in that it appears 
that the number of space-time dimensions is different for the left-moving and 
right-moving sectors. In this description one could wonder how many space- 
time dimensions there really are. However, as we have already asserted, this 
description is equivalent to the fermionic description in which it is clear that 
this is a ten-dimensional theory. The bosonic description of the heterotic 
string is given in Section 7.4. 

The action for the heterotic string in the fermionic formulation is 


32 
gps { Po (20,.XyO-X" + WO, iY 40-4), (7.5) 
T 
A=1 
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where u = 0,...,9 labels the vector representation of the ten-dimensional 
Lorentz group SO(9, 1), while à^ are Lorentz singlets. Both sets of fermions 
are one-component Majorana—Weyl spinors from the point of view of the 
two-dimensional world-sheet Lorentz group. 

Once one solves the equations of motion, there are ten right-moving bosons 
X(T — o) and ten left-moving bosons X#(r + ø). In addition, there are 
ten right-moving fermions Y” (r — a) and 32 left-moving fermions \4(7 +0). 
These fields give a right-moving central charge ¢ = 3c/2 = 10 and a left- 
moving central charge c = 26, since each Majorana fermion contributes c = 
1/2. Once the b and c ghosts are introduced for left-movers and right-movers 
and the @ and y ghosts are introduced for right-movers only the central 
charges cancel. Thus, one has a right-moving superconformal symmetry 
and a left-moving conformal symmetry. 

As we remarked earlier, this action has a manifest SO(32) symmetry 
under which the \“ transform in the fundamental representation. This 
global symmetry of the world-sheet theory gives rise to a corresponding 
local gauge symmetry of the space-time theory. At this point it may appear 
rather mysterious how one could ever hope to achieve an Eg x Eg gauge 
symmetry. The key to discriminating the different possibilities is the choice 
of GSO projections for the 4, as is explained in Section 7.2. 

For the right-moving modes there is a world-sheet supersymmetry, whose 
transformations are given by 


OX" = iey” and ôy” = —2e0_X". (7.6) 


This is what survives in conformal gauge of the local supersymmetry that is 
present before gauge fixing. This original local supersymmetry is the reason 
that the right-moving constraints are given by a super-Virasoro algebra. 
There is no supersymmetry for the left-movers. 


The SO(32) heterotic string 


Let us start with an analysis of the SO(32) heterotic string using methods 
that are similar to those used for the superstring in Chapter 4. 


Right-movers 


The right-moving modes of the heterotic string satisfy super-Virasoro con- 
straints like those of right-moving modes of type II superstrings. As in that 
case, there is an NS and an R sector. In both sectors one should impose the 
GSO projections that were described in Chapter 5. 
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An on-shell physical state |¢) in the NS sector must satisfy the conditions 


1 


G6) = Inid) = (10-3) =0 nm>0o (A 


where the various super-Virasoro generators are given by the same formu- 
las as in Chapter 4. The mass-shell condition is given by the Lo equation 


(0-5) 1) = (5 +m- W= (7.8) 


Ng = 5 Qn * An + 3 rbr: br. (7.9) 
n=1 r=1/2 





where 


e In the R sector the physical-state conditions are 


Fim|b) = Eml) =0, m20, (7.10) 
which includes the mass-shell condition 
tolo) = (Z + Na) Id) =0, (7.1) 
where 
NR = ecm -an +nd-n dn). (7.12) 
n=1 


Alternatively, if one uses the light-cone GS formalism of Chapter 5, then 
there is a very simple description of the right-moving modes that does not 
involve combining separate sectors or imposing GSO projections. Rather 
one simply has 


2 
told) = (Z + Nr) 10) =0, (713) 
where 
Nr =X (œ noi + nsn SA). (7.14) 
n=1 


As explained in Chapter 5, the transverse index 7 and the spinor index a 
each take eight values. The mass-shell condition in this formalism is 


M? = 8Nr, (7.15) 


which already shows that there are no tachyons, as expected from super- 
symmetry. 
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Left-movers 


The left-moving fermionic fields \4 can have periodic or antiperiodic bound- 
ary conditions, just like the fermionic coordinates Y” in the RNS formalism. 
Periodic boundary conditions define the P sector, which is the analog of the 
R sector of the superstring. The mode expansion in the P sector is 


Mr +o) =>. Nee nte), (7.16) 
neZ 
These modes satisfy the anticommutation relations 


PONE = 8P Sma 0. (7.17) 


Antiperiodic boundary conditions define the A sector, which is the analog 
of the NS sector of the superstring. The mode expansion in the A sector is 


Mir +0) = > Aie ainte); (7.18) 
reZ+1/2 
These modes satisfy the anticommutation relations 
{A4,A2} = 8P Srg s,0: (7.19) 
The left-moving modes of the heterotic string satisfy Virasoro constraints 
Lm|¢) = (Lo —@)|¢) =0, m>0. (7.20) 


If one goes to light-cone gauge and solves the Virasoro constraints, then only 
the eight transverse components Gj, are relevant. For the left-movers the A 
and P sectors need to be treated separately. 


e For the P sector 


(Zo - ap) l6) = (5 +M ~ ar) Id) =0, (7.21) 
where 
Np = So (Gan + Gn + nr4, 0A). (7.22) 
n=1 


e In the A sector we have 
(D-a) =(4+M.-as)l6)=0, (728) 


where 


Ni =X änn in + 3 Pe (7.24) 
r=1/2 
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Now let us compute the left-moving normal-ordering constants Ga and ap. 
The general rule is most easily understood in the light-cone gauge, where 
only physical degrees of freedom contribute. The normal-ordering constant 
due to the zero-point energy of a periodic boson is 1/24, for an antiperiodic 
fermion is 1/48 and for a periodic fermion is —1/24.? Using these rules, we 
obtain the following value for the normal-ordering constants: 


aa = = + z =t, (7.25) 
s > = z adi (7.26) 
Thus, the mass formula for the states in the A sector is 
im? 2 iy Ne=, (7.27) 
and in the P sector it is 
im? = NR =M, +1. (7.28) 


These equations show that massless states must have Nr = 0. Therefore, in 
the A sector there are massless states, which have to satisfy N, = 1. On the 
other hand, there are no massless states in the P sector, since Ny, cannot be 
negative. 


Massless spectrum 
Massless states are constructed by taking the tensor product of right-moving 
modes with Nr = 0 and left-moving modes with Ny, = 1 in the A sector, as 
there are no massless states in the P sector. 


e For the right-moving sector the states with NR = 0 are those of the 
D = 10 vector supermultiplet, as in the superstring theories. Explicitly, 
in light-cone gauge notation, the massless modes in the Nr = 0 sector are 


ljr and fap, (7.29) 


which are the ground states in the bosonic and fermionic sectors corre- 
sponding to the vector 8y and the spinor 8e representations of the trans- 
verse rotation group Spin(8). 

e The left-moving modes with Ny, = 1 consist of 


&_,|0)1, (7.30) 


2 The derivation of these normal-ordering constants is given in Chapter 4. 
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which is an SO(32) singlet and an SO(8) vector, and 
MA 27 1/2l0)z, (7.31) 


which is an antisymmetric rank-two tensor of dimension 32 x 31/2 = 
496. The latter states are Lorentz singlets and transform in the adjoint 
representation of the gauge group SO(32). 


Since the heterotic string theory is a closed-string theory, the physical states 
are given by the tensor product of right-movers and left-movers. Let us 
consider the contributions of @,|0), first. In the bosonic sector this gives 
the massless states 


li) ® &,|0)z. (7.32) 


These 64 states can be decomposed into a symmetric traceless part (gravi- 
ton), an antisymmetric tensor and a scalar (dilaton). In the fermionic sector 
the massless states are 


låjr @ 47 4|0)z, (7.33) 


which decomposes into a gravitino with 56 components and a dilatino with 
eight components. Altogether, these 64 bosons and 64 fermions form the 
N = 1 supergravity multiplet. 

The tensor product of the other 496 Ny, = 1 left-moving states of the form 
in Eq. (7.31) with the 16 right-moving states with Np = 0 gives the D = 10 
vector supermultiplet for the gauge group SO(32). It is important that all 
the massless vector states have appeared in the adjoint representation, as is 
required by Yang-Mills theory. The massless fermionic gauginos, which are 
their supersymmetry partners, are also in the adjoint representation. 


A GSO-type projection 
The modes in the A sector are constrained to satisfy NR = Ny — 1. This 
condition has interesting implications for the left-movers. Recall that Np as 
defined in Eq. (7.14) has only integer eigenvalues, whereas Ny, can have half- 
integer eigenvalues, which arise whenever an odd number of à^ oscillators 
act on the Fock-space vacuum. The relation NR = Ni — 1 implies that these 
half-integer eigenvalues do not contribute to the physical spectrum. This 
projecting out of states with an odd number of \“ oscillators is reminiscent of 
the GSO projection. In fact, it is a projection of exactly the same type, since 
it says that there must be an even number of \“-oscillator excitations. A 
similar projection condition is required for the P sector by one-loop unitarity. 
It cannot be discovered just from level-matching, since P-sector modes are 
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integral in the first place. The projection condition in this case is (—1)* = 1, 
where 


(—1)P = Xo(-ET Fn (7.34) 
and 
AOS Gain (7.35) 


is the product of the fermionic zero modes. The Ny, = 0 level contributes 
only half of the 216 modes that one might otherwise expect. This corresponds 
to an irreducible spinor representation of Spin(32), which is the universal 
covering group of SO(32). In fact, because of this projection condition only 
one of the two possible conjugacy classes of spinors occurs in the physical 
spectrum. As a result, the gauge group of the theory is most precisely 
described as Spin(32)/Z2. This means that two of the four conjugacy classes 
of Spin(32) survive: the adjoint conjugacy class (corresponding to the root 
lattice) and one for the two spinor conjugacy classes. The conjugacy class 
containing the vector 32 representation and the other spinor conjugacy class 
do not occur. 


The Eg x Eg heterotic string 


The anomaly analysis in Chapter 5 showed that in addition to SO(32) 
there is one other compact Lie group,? namely Eg x Eg, for which there 
could be a consistent supersymmetric gauge theory in ten dimensions. This 
group shows much more promise for phenomenological applications, since 
the gauge group of the standard model, SU(3) x SU(2) x U(1), fits inside 
Eg through a nice chain of embeddings: 


SU(3) x SU(2) x U(1) c SU(5) c SO(10) C Eg C E7 C Es. (7.36) 


The various groups that appear in this sequence are precisely the ones that 
have been most studied as candidates for grand unification symmetry groups. 
This gives additional motivation for trying to realize an Eg x Eg gauge 
symmetry in the fermionic description of the heterotic string theory. 

The construction of the SO(32) heterotic string retained the manifest 
SO(32) symmetry of the world-sheet action at all stages of the analysis by 
assigning the same boundary conditions (A or P) to all of the 32 left-moving 
fermions \“ in each of the sectors. So there was just one P sector and one A 
sector. If maintaining the SO(32) symmetry is no longer an objective, then 


3 For a brief introduction to Lie groups, and Eg in particular, see Polchinski Section 11.4 and 
GSW, Appendix 6.A, respectively. 
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it is natural to consider introducing sectors in which there are A boundary 
conditions for some of the fermions and P boundary conditions for the rest of 
them. Of course, as long as the goal is to achieve a supersymmetric theory, 
there should be no change in the treatment of the right-moving fermions Y” 
or S°. So let us now explore the possibilities for introducing different \4 
sectors. 


Boundary conditions for fermions 


Suppose that n of the fermions A“ satisfy the same boundary conditions, 
either A or P, and the other (32 — n) fermions independently satisfy A or 
P boundary conditions. If this results in a consistent theory, this would be 
expected to break the SO(32) symmetry group to the subgroup SO(n) x 
SO(32 — n). 

There are four different sectors, denoted AA, AP, PA and PP, where the 
first label refers to the boundary condition of the first n components of 
A“ and the second label refers to the boundary condition of the remaining 
(32 — n) components. As a result, there are four different choices for the 
normal-ordering constant a. Recall again that the normal-ordering constant 
for a boson is +1/24, while a periodic fermion has —1/24 and an antiperiodic 
fermion has +1/48. Taking this into account, the values for the normal- 
ordering constants are 


8 n 32—n 
A = = 1 " 
aaa pa ag T aR ce) 





8 n 32 —n n 
A = p 1 ” 
aaP = z3 ag 94 16 ” (38) 





8 n 32—n n 
fa = { = 1 ; a 
AERA 94” ag 16 89) 





8 n 32 —n 
Aa = 1. 7.40 
PP = 3 94 A (em) 


The sectors labeled AA and PP are the same as the ones labeled A and P 
in the SO(32) theory discussed in the previous section, but the ones labeled 
AP and PA are new. 

In each sector there is a level-matching condition of the form Np = Ny —a. 
The eigenvalues of Nr are always integers, and the eigenvalues of Ny, can 








be integers or half-integers. Therefore, there are no solutions unless @ is an 
integer or half-integer, which implies that n must be a multiple of 8. In this 
notation the n = 32 or 0 case corresponds to the theory constructed in the 
previous section, as stated above. The cases n = 8 and n = 24 would lead 
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to a spectrum that is inconsistent due to gauge anomalies. Therefore, only 
the n = 16 case remains to be considered. 


The n = 16 case 


This is the case of most interest. It would naively appear to have an 
SO(16) x SO(16) gauge symmetry, but it turns out that each SO(16) factor 
is enhanced to an Eg. The AP and PA sectors have & = 0 for n = 16. 
This value makes it possible to contribute states to the massless spectrum, 
a fact that proves to be very important in understanding the symmetry 
enhancement. 

Let us now examine the massless spectrum in the n = 16 case. The right- 
movers have NR = 0 (in the light-cone GS description) and contribute a 
vector supermultiplet, which should be tensored with the massless states of 
the left-moving sectors. The left-movers can have the boundary conditions: 


e The PP sector does not contribute to the massless spectrum, as before. 
e The AA sector, on the other hand, does contribute states with N; = 1. 
These include states of the form 


ã l0), (7.41) 
and 
AA 1/221 /2l0)L- (7.42) 


The eight states (7.41), when tensored with the right-moving vector mul- 
tiplet give the M = 1 gravity supermultiplet, just as in the case of the 
SO(32) theory. The 496 states in (7.42) are exactly those that gave the 
SO(32) gauge supermultiplets previously. They will do so again unless 
some of them are projected out. To see what is required, let us examine 
how they transform under SO(16) x SO(16): 


(120,1) if A,B=1,...,16, 
(1,120) if A,B=17,...,32, (7.43) 
(16,16) if A=1,...,16, B=17,...,32. 


Here 120 = 16 x 15/2 denotes the antisymmetric rank-two tensor in the 
adjoint representation of SO(16) and 16 denotes the vector representa- 
tion. Clearly, if we want to keep only the SO(16) x SO(16) gauge fields, 
then we need a rule that says that the (120,1) and the (1,120) multiplets 
are physical, while the (16,16) multiplet is unphysical. The way to do 
this is to require that the number of A^ excitations involving the first 
set of 16 components and the second set of 16 components should each 
be even. This is more restrictive than just requiring that their sum is 
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even, and it eliminates the (16,16) multiplet while retaining the other 
two multiplets. This rule, which is required to obtain the desired gauge 
symmetry, corresponds to using one and the same GSO projection for all 
sectors. 


e Now consider the massless states in the PA and AP sectors. Since a = 0, 
states in the massless sector should have Ng = 0. The 16 components 
of à^ with periodic boundary conditions have zero modes. Therefore, as 
usual, the Fock-space ground states should furnish a spinor representation 
of the corresponding SO(16) group (more precisely, its Spin(16) covering 
group). If we denote the two inequivalent spinor representations of SO(16) 
by 128 and 128’, then the possible additional massless states transform 
as 

PA : (128, 1)  (128’,1), 


AP : (1,128) © (1, 128’). ee) 


However, as in previous cases, not all of these states survive in the physical 
spectrum. There is a GSO-like projection that eliminates some of them. 


The 32 fermions \“ are divided into two sets of 16. As we already 
learned from studying the AA sector, separate projection conditions should 
be imposed for each of these two sets. Indeed, given the previous results, 
the rule is pretty clear. The analysis of the AA sector showed that for a 
set of 16 \4 with A boundary conditions, there should be an even number 
of à^ excitations. Now this needs to be supplemented with the corre- 
sponding rule for P boundary conditions. 

The rules for the A and P sectors are the same as in the SO(32) theory, 
except that they are applied to each set of 16 components separately. 
Thus, for example, if the first 16 A^ have P boundary conditions, then 
a physical state is required to be an eigenstate, with eigenvalue equal to 
one, of the operator 


A A 


eye ea AP 1)2n=1 are ren n, (7.45) 





where 
PENR ee (7.46) 
The rule is the same for the second set of 16, of course. If they have P 


boundary conditions, then a physical state is required to be an eigenstate, 
with eigenvalue equal to one, of the operator 





(—1)®? = i?) 1)Un=1 Ae AA An (7.47) 
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where 
QO) = ATAL... A82. (7.48) 


This rule eliminates one of the two spinors from each of the AP and PA 
sectors. Therefore, their surviving contribution to the massless spectrum 
is 

(128, 1) $ (1,128). (7.49) 


Each of the left-moving multiplets (7.49) is tensored with the right-moving 
vector multiplet and therefore contributes additional massless vectors. To 
understand what this means let us focus on the massless vector fields. The 
massless spectrum contains vector fields that transform as (120, 1) + (128, 1) 
as well as ones that transform as (1,120) + (1,128). The only way this can 
make sense is if these 248 states form the adjoint representation of a Lie 
group. 

Here is where Eg enters the picture. This Lie group is the largest of the 
five exceptional compact simple Lie groups in the Cartan classification. It 
has rank eight and dimension 248. Moreover, it contains an SO(16) sub- 
group with respect to which the adjoint decomposes as 248 = 120 + 128. 
This is exactly the content that we found, so it is extremely plausible that 
the heterotic theory with the projections described here gives a consistent 
supersymmetric string theory in ten dimensions with Eg x Eg gauge sym- 
metry. 

This suggests that there exists a consistent heterotic string theory with 
Eg x Eg gauge symmetry. First indications appeared already from the 
anomaly analysis in Chapter 5, where this gauge group is one of the two 
possibilities that was singled out. The GSO-like projections introduced here 
are a straightforward generalization of those that gave the SO(32) heterotic 
theory (as well as those of the RNS string), and they give precisely the 
necessary massless spectrum. 





EXERCISES 





EXERCISE 7.1 
Consider left-moving currents 


F*(2) = 5Tia@) (e), 
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where \4(z) are free fermi fields that transform in a real representation R 
of a Lie group G. The representation matrices T” satisfy the Lie algebra 


ae al = aa ae 
Verify that the currents have the OPE 


kå% l f z 
1 J 
2(z-—w)? z-w 





J*(z) J?(w) = (w)+..., 


where the level k is given by 
tee Tl”) = kô, 
This defines a level k Kac-Moody algebra of the type discussed in Sec- 


tion 3.1. Show that k = 1 in the special case of the vector representation of 


SO(n). 


SOLUTION 


The free fermion fields satisfy the OPE 


A(z) 8 (w) = 2, 


z& — W 





and as a result the leading term in the OPE is given by 
era. eo 
2(z-w)2 2(z-—w)? 


Note that the two contractions (AC)(BD) and (AD)(BC) have contributed 
equally due to the antisymmetry of the representation matrices and anti- 





(5 Tip (2)? (2) ZTE DAC (w)AP (w)) 


commutation of the fermi fields. The second term in the OPE works in a 
similar manner with four possible single contractions contributing. These 
combine in pairs to give commutators of the representation matrices, which 
are evaluated using the Lie algebra. 

In the special case of the vector representation of SO(n) there are n free 
fermi fields each of which contributes 1/2 to the central charge giving a total 
of n/2. This should be compared with the general formula for the central 
charge at level k given in Section 3.1 


mE k dim G 
k+hae 





In the present case dim G = n(n — 1)/2 and hg = n — 2. Thus, for n > 2, 
c = n/2 corresponds to k = 1. 














7.8 Toroidal compactification 265 


EXERCISE 7.2 
Derive the mass formulas for states in the A and P sector, Eqs (7.27) and 
(7.28), respectively. 


SOLUTION 


Consider first the A sector. Because the right-moving sector is a superstring, 
from Chapter 4 we know that the mass formula is 


1 2 
<M? = Np. 
8 R 


For the left-moving sector we have @4 = 1, which leads to the mass-shell 
condition 


n 1 
Ig-1=0—> MEMA 
Thus altogether 
1 
gl’ =Nr=NL-1L 


In the P sector the left-movers have ap = —1, and so the same reasoning 
gives 


1 
gl’ EREN 














7.3 Toroidal compactification 


Chapter 6 examined compactification on a circle in considerable detail. It 
was shown that the consequences for string theory are much more than 
one might expect based on classical geometric reasoning. One important 
lesson was the existence of T-duality, which relates radius R to radius a’/R. 
Another lesson was the existence of D-branes associated with open strings, 
which emerge after T-duality. 

What is demonstrated here is that the generalization to compactification 
on an n-dimensional torus T” adds additional interesting structure. The 
T-duality group becomes enlarged to an infinite discrete group, and there 
are interesting new possibilities for realizing nonabelian gauge symmetry. 
The details depend on which string theory one considers. 
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The bosonic string 


Let us consider closed bosonic strings on a toroidally compactified space- 
time. Specifically, the space-time manifold is described by the metric 


d—1 n 
foe y nNuwdX"dX” + X` GrydYldY?, (7.50) 
p,v=0 I,J=1 


with d+n = 26. Here the first term describes flat Minkowski space-time 
parametrized by coordinates X¥ and the second term describes the “inter- 
nal” torus T” with coordinates Y7, each of which has period 27. 

The physical sizes and angles that characterize the T” can be encoded 
in the constant internal metric Grz. For example, in the special case of a 
rectangular torus the n internal circles are all perpendicular and the internal 
metric is diagonal resulting in 


Gry = Ry6r, (7.51) 


where Ry is the radius of the Y7 circle. A more general internal metric with 
off-diagonal elements would describe a torus with nonorthogonal circles. 

A closed bosonic string is described by the embedding maps X” (ø, T) and 
y! (0,7), where 0 <a < m. The fact that the string is closed implies 


X"(o+7,7T) = X*(o,7), 
(7.52) 
Yiio+a,t) =Yi(o,7)+2cW! with W eZ. 


Here W! are the winding numbers which give the number of times (and 
direction) that the string winds around each of the cycles of the torus. 


Mode expansions 


The mode expansion for the external and internal components of X is a 
slight generalization of the expansion for a string compactified on a circle in 
Chapter 6. The mode expansions (for ls = 1) for the noncompact coordinates 
take the form 








X"(0,T) = XP(r +0) + X8(r-0), 
Xi(rto) =sah+pi(r+o)+s er, tahe intr +e), (7.53) 
XR(T-0) = sat PRIT o) +4 DDT Lahe nee), 
where 
1 
Bi = PR = a (7.54) 
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The compact coordinates Y/(o,7) have analogous expansions given by 











¥4 (6,7) =Yi(r+0)+Y¥¢(r - 0), 
YE(r+o) = gy +ph(r+0)+§ Dingo ane Or), (7.55) 
Yd (7 - o) = sy! PR(T oO) +5 DD TN zan I e—2in(r—o) 


Notice that in these formulas pl and PR do not have to be equal. Thus the 
first terms in the expansion of Y7 are 





Yi (6,7) = Yi (rt+o)+¥e(r—c) = y+ (ph +ph)r + (ph —ph)ot..., (7.56) 


and the second equation in (7.52) implies that the difference between p/ and 
PR is an integer given by the winding number 


pi -pk =2W! with WieZ. (7.57) 


Moreover, the sum of pl and Ph, the momenta along the circle directions, 
must be quantized, so that e’?Y is single-valued. In the simplest case of a 
rectangular torus and no background B fields, this implies that 


pi +ph=K; with Krez. (7.58) 


These quantized internal momenta correspond to the Kaluza—Klein excita- 
tions. 


Mode expansions with constant background fields 
The above results hold for the case of no background B fields and a diagonal 
internal metric. Now consider turning on constant background values for 
the antisymmetric two-form By; and the internal metric Grz. To derive the 
expressions for the momenta in terms of the winding numbers as well as 
Kaluza—Klein quantum numbers, the relevant part of the world-sheet action 
for strings in this background needs to be taken into account 


S= -> f èo (Gin? = Byye*) aY Og". (7.59) 
27 


This action gives the canonical momentum density 


6S 


1 ; 
sor =z (Gn Ba"): (7.60) 


PI = 


This momentum density integrates to give the total momentum vector 
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Ky, which is an integer, because Y/ are periodic. Using the mode expansion 
for the internal coordinates appearing in Eq. (7.56), one obtains 


Kr = T prdo = G13 (pi. +p) + Brs (pz p) with Ky, € Z. (7.61) 
0 


This is the generalization of Eq. (7.58). Equations (7.57) and (7.61) can be 
solved for the left-moving and right-moving momenta resulting in 
pp = W! +G” (4K; - BixWw*), 
(7.62) 
ph= -W! +G" (5K;-Bixw*), 


where, as usual, G with superscript indices denotes the inverse matrix. 


The mass spectrum and level-matching condition 
The starting point for determining the mass spectrum and level-matching 
condition of the toroidally compactified bosonic string is again the physical- 
state conditions 


(Lo — 1) |®) = (Zo - 1) |®) = 0, (7.63) 
which now take the form 
1 1 1 
gu = 5 CUIPLPH. +N -1= ZCIJPRPR +Ng-1. (7.64) 


Here the number operators are the usual expressions (independent of the 
background fields) 


OO CO 
NR = ` OO and N, = 5 -m` Âm- (7.65) 
m=1 m=1 
The difference of the two equations in (7.64) gives the level-matching condi- 
tion 
1 
Nr- Nu = zC (PLPL — PRR) = W’ Kr. (7.66) 
Taking the sum of the same two equations, the mass operator becomes 
M? = M2+4(Na+NL—2) with M2 = 2Gr7(p) pi] +phpz). (7.67) 
A convenient way of rewriting Mé, which is useful for exhibiting the symme- 
tries of the spectrum, is obtained by substituting Eqs (7.62) into Eq. (7.67). 
Suppressing indices, this gives 


5 MB =(W K)g" ( — ) ; (7.68) 
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where? 
x 2(G — BG"'B) BGT! ) 
gt = ( y ts ls (7.69) 
—G'!B 3G} 
or the inverse 
5G"! -GİB 
1S ( BG-! 2(G— BG-B) ) (7:70) 


Note that these are 2n x 2n matrices written in terms of n x n blocks. 


The O(n, n; Z) duality group 
Compactification of the bosonic string on tori T” has a beautiful symmetry, 
called O(n, n; Z), which generalizes the T-duality symmetry of circle com- 
pactifications. This O(n, n; Z) symmetry of the spectrum is best described 
in terms of the matrix G. Indeed, for a nonorthogonal torus the R > 1/R 
duality of the circle compactification generalizes to the inversion symmetry 


Wisk; Gog. (7.71) 


This symmetry becomes clear from the expressions (7.68) — (7.70). Addi- 
tional discrete shift symmetries are given by 


1 
Bry > Brg + 5Nrs with wi wi, Kı > Kr +NyW’?, (7.72) 


where N77 is an antisymmetric matrix of integers. These transformations 
are symmetries, because they leave pL and ph in (7.62) unchanged. Since 
N is antisymmetric these symmetries only appear when n > 1. 

Altogether, the inversion symmetry and the shift symmetries generate 
the infinite discrete group O(n, n; Z). By definition, the group O(n, n; R) 
consists of matrices A satisfying 


rf 0 In 0 In 

a(2 )aa(o Wy an 
where 1,, denotes an nxn unit matrix. The group O(n, n; Z) is the subgroup 
of O(n,n;R) consisting of those matrices all of whose matrix elements are 
integers. Note that if G is integral, then G~! is automatically integral, as 
well. The group O(n,n;Z) is an infinite group (for n > 1). This group 
is generated by the geometric duality subgroup SL(n, Z), which just corre- 
sponds to a change of basis for the defining periods of the torus, and the 
nongeometric transformation G + Got. 

A convenient way of rewriting the above symmetry transformations is the 


4 The various factors of 2 and 1/2 in these formulas are a consequence of the choice a’ = 1/2. 
They could be eliminated by redefining G and B by a factor of 2. 
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following. Under the T-duality group O(n, n; Z), the symmetry is realized 


G= AGAT and (2 tb SAC) (7.74) 


This preserves the result for the mass spectrum in Eqs (7.67) and (7.68) as 


as 


well as the level-matching condition in Eq. (7.66). The best way to see this 
is to rewrite the level-matching condition in the form 


WiK; = iw K ( - T ) ( ) (7.75) 


and use Eq. (7.73). In terms of O(n,n; Z) transformations, the inversion 
symmetry corresponds to the matrix 


; : 0 In 
inversion: A= ( L, 0 ) ; (7.76) 
and the shift symmetry corresponds to the matrix 
; ln 0 
shift: A= ( Ni do ) : (7.77) 


The claim is that an arbitrary O(n, n; Z) transformation can be represented 
by a succession of these two types of transformations. This is the T-duality 
group for the toroidally compactified bosonic string theory. 


The moduli space 


The compactification moduli space is parametrized by the n? parameters 
Gig, Bry. The sum G7; + By; is ann xn real matrix. The only restriction 
on this matrix is that its symmetric part is positive definite. This space 
of matrices can be represented as a homogeneous space, in other words as 
a coset space G/H. The appropriate choice is (see Exercise 7.5 for more 
details) 


Min = O(n, n; R)/[O(n; R) x O(n; R)]. (7.78) 
This is not the whole story, however. Points in this moduli space that are 


related by an O(n, n, Z) T-duality transformation are identified as physically 
equivalent. Thus the physical moduli space is 


Since M? n is a homogeneous space, M? „ is a smooth manifold of dimension 
y 


n?. On the other hand, Mn,n has singularities (or cusps) corresponding 


5 This is an example of a discrete gauge symmetry. 
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to fixed points of O(n,n;Z) transformations. At these special values of 
(Gry, Brg) the spectrum has additional massless gauge bosons, and there is 
unbroken nonabelian gauge symmetry. 


Enhanced gauge symmetry 


Nonabelian gauge symmetries can arise from toroidal compactifications. 
From a Kaluza—Klein viewpoint this is very surprising. In a point-particle 
theory the gauge symmetries one would expect are those that correspond 
to isometries of the compact dimensions. The isometry of T” is simply 
U(1)” and this is abelian. So the feature in question is a purely stringy one 
involving winding modes in addition to Kaluza—Klein excitations. 

This section considers the bosonic string theory compactified on a T” 
as before. The extension to the heterotic string is given in the following 
section. The basic idea in both cases is that for generic values of the moduli 
the gauge symmetry is abelian. In the case of the bosonic string theory 
it is actually U(1)?", so there are 2n massless U(1) gauge bosons in the 
spectrum. Half of them arise from reduction of the 26-dimensional metric 
(namely, components of the form g,,7) and half of them arise from reduction 
of the 26-dimensional two-form (namely, components of the form Bpr). 

At specific loci in the moduli space there appear additional massless parti- 
cles including massless gauge bosons. When this happens there is symmetry 
enhancement resulting in nonabelian gauge symmetry. For example, in the 
n = 1 case, the symmetry is enhanced from U(1) x U(1) to SU(2) x SU(2) 
at the self-dual radius. Let us explore how this happens. 


The self-dual radius 


In order to consider enhanced gauge symmetry of the bosonic string theory 
compactified on a circle of radius R, let us assume that the coordinate X?° 
is compact and the remaining coordinates are noncompact. The spectrum 


is described by the mass formula 
2_ K? 27772 
M* = R2 +4R°W* + 4(Ny + Ng- 2), (7.80) 


as well as the level-matching condition 





Na — Ni = KW. (7.81) 


As before, W describes the number of times the string winds around the 
circle. Let us now explore some of the low-mass states in the spectrum of 
this theory. 
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e The Fock-space ground state, with K = W = 0, gives the tachyon with 
M? = —8, as usual. 

e At the massless level with NR = Ng = 1 and K = W = 0 there are the 
25-dimensional graviton, antisymmetric tensor and dilaton, represented 


by 
al" ,a” 10), (7.82) 
with the oscillators in the 25 noncompact directions. Here and in the 
following u,v = 0,...,24. There are also two massless vector states given 
by 
IV") = at a-4|0), (7.83) 
Vf!) = ara [0), (7.84) 


where &—1, without space-time index, denotes the oscillator in the direc- 
tion 25. As usual for a vector particle, these states satisfy the Lı and Lı 
Virasoro constraints provided that their polarization vectors are orthogo- 
nal to their momenta. These are Kaluza—Klein states that arise from the 
26-dimensional graviton and antisymmetric tensor. These two fields give 
a U(1) x U(1)rR gauge symmetry. The symmetric linear combination, 
which comes from the graviton, couples electrically to the Kaluza—Klein 
charge K. Similarly, the antisymmetric combination, which comes from 
the B field, couples electrically to winding number W. The state 


|b) = a_1a_;|0) (7.85) 


describes a massless scalar field. 





e Let us now consider states with W = K = +1. The level-matching 
condition in this case is Np = NL +1. Choosing the first instance, namely 
Ny = 0 and Np = 1, there are two vector states 


Ve.) =a8%,[+1,41) and |V"_)=a%,|-1,-]), (7.86) 
where we have introduced the notation |K, W}. In addition there are two 
scalars 

ee) Sea|t14) and |@-)=ea)-1,-1). (7.87) 


The mass of these states depends on the radius of the circle and is given 
by 


1 1 5 
WaR Ets (3-27) ; (7.88) 
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Note that this vanishes for R? = 1/2 = a’, which is precisely the self-dual 
radius of the T-duality transformation R —> a’/R. 





In the same way we can consider the states which have K = -W = +1. 
Then there are again two vectors 


|Vi_) = at | +1,-1) and |V"_) = ã | —1,+1), (7.89) 
and two scalars 
ly) =G4/41,-1) and |@4)=Ga)-141). (7.90) 


The mass of these states is also given by Eq. (7.88). Altogether, at the 
self-dual radius there are four additional massless vectors in the spectrum 
in addition to the two that are present for any radius. The interpretation 
is that there is enhanced gauge symmetry for this particular value of 
the radius. The gauge group U(1) x U(1), which is present in general, 
is a subgroup of the enhanced symmetry group, which in this case is 
SU(2) x SU(2). This is explored in Exercise 7.3. The three vectors that 


involve an a, excitation are associated with a right-moving SU(2) on 


the string world sheet. Similarly, the other three involve a a“ 1 excitation 
and are associated with a left-moving SU(2) on the string world sheet. 


The case of SU(3) x SU(3) is studied in Exercise 7.8. 


This enhancement of gauge symmetry at the self-dual radius is a “stringy” 
effect. For other values of the radius the gauge symmetry is broken to 
U(1), x U(l)r. The four gauge bosons |Vf',) eat the four scalars |¢ 
as part of a stringy Higgs effect. On the other hand, the U(1), x U(1)rR 
gauge bosons, as well as the associated scalar |¢), remain massless for all 


























values of the radius. This neutral scalar has a flat potential (meaning that 
the potential function does not depend on it), which corresponds to the 
freedom of choosing the radius of the circle to be any value with no cost 
in energy. Altogether, the spectrum of the bosonic string compactified on 
a circle is characterized by a single parameter R, called the modulus of the 
compactification. It is the radius of the circle, whose value is determined by 
the vacuum expectation value of the scalar field |@). 

As was explained in the previous section, the T-duality symmetry of the 
bosonic string theory requires that the moduli space of the theory compact- 
ified on a circle be defined as the quotient space of the positive line R > 0 
modulo the identification of R and 1/(2R). Therefore, the point of enhanced 
gauge symmetry, which is the fixed point of the T-duality transformation, 
is also the singular point of the moduli space. 
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In the case of type II superstrings, compactification on a T” again gives 
rise to 2n abelian gauge fields. However, unlike the bosonic string theory, 
there is no possibility of symmetry enhancement. One way of understanding 
this is to note that all 2n of the gauge fields belong to the supergravity 
multiplet in 10 — n dimensions, and this cannot be extended to include 
additional gauge fields. Another way of understanding this is to observe that 
symmetry enhancement in the bosonic string utilized winding and Kaluza-— 





Klein excitations so that Ng = NR +1. The same relations in the case of 
type II superstrings imply that the mass is strictly positive. 

Toroidal compactification of the heterotic string is studied in Section 7.4. 
It is shown that compactification to 10 — n dimensions gives n right-moving 
U(1) currents and 16 +n left-moving U(1) currents. Moreover, there can be 
no symmetry enhancement for the right-moving current algebra, but there 
can be symmetry enhancement for the left-moving current algebra. In fact, 
in the special case n = 0, the U(1)!° is necessarily enhanced, to either 
SO(32) or Eg x Eg. 


One-loop modular invariance 


Chapter 3 showed that one-loop amplitudes are given by integrals over 
the moduli space of genus-one (toroidal) Riemann surfaces. This space 
is parametrized by a modular parameter 7 whose imaginary part is posi- 
tive. An important consistency requirement is that the integral should have 
modular invariance. In other words, it should be of the form 


27 
L tale me), (7.91) 


where F denotes a fundamental region of the modular group. Modular 

invariance requires that J is invariant under the PSL(2,Z) modular trans- 
formations 

, att+b 

TOT = ; 

ct +d 





(7.92) 


where a,b,c,d € Z and ad — bc = 1, since the measure d?7/(Imr)? is invari- 
ant. Two examples of modular transformations are shown in Fig. 7.1. This 
ensures that it is equivalent to define the integral over the region F or any 
of its images under a modular transformation. In other words, the value of 
the integral is independent of the particular choice of a fundamental region. 
This property is satisfied by the bosonic string theory in 26-dimensional 
Minkowski space-time. Accepting that result, we propose to examine here 
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whether it continues to hold when the theory is compactified on T” with 
arbitrary background fields G77 and By,. 














A A 
ay 

ae $ 
we / 

we / 

Gret / 

1 
TOT+1 tt/(T+1) 


Fig. 7.1. Two examples of modular transformations of the torus. The right-hand 
dotted parallelogram has been rotated for clarity of presentation. 


In the computation of the amplitude the key factor that needs to be 
considered is the partition function 


Tr (gq) ; (7.93) 
where 
ge TT, (7.94) 


Toroidal compactification only changes the contribution of the zero modes 
to the partition function, which becomes 
Tr (a2? q2"t ) Ls y eT PR-PL) e—772(PL+PR) (7.95) 
W!,Ky 


where T = 71 +772, and py, and ppr are defined in Eqs (7.62). This factor 
replaces the momentum integration 


| oorno = (Ta), (7.96) 


in the noncompact case. Therefore, to establish modular invariance of the 
toroidally compactified bosonic string, it is necessary to prove modular in- 
variance of 


F(T; G, B) = (T2)? Tr (arg?) . (7.97) 


276 The heterotic string 


Modular invariance of F(T; G, B) 
Modular invariance of F(T; G, B) is verified by checking that it is invariant 
under the two transformations T —> T + 1 and 7 > —1/r. 
e Invariance under T — 7 + 1 is verified using Eq. (7.95), since 

pe — p? = 2(Ni — Nr) = -2W/ K; (7.98) 


is an even integer. 

e Invariance under T — —1/r is the next step to check. The key to this is 
to make use of the Poisson resummation formula which states that if A is 
a positive definite m x m symmetric matrix and 


f(A) = DD exp (—7M* AM) ; (7.99) 
{M} 
where M represents a vector made of m integers M1, Mo,..., Mm, each 


of which is summed from —oo to +00, then 


f(A) = Ta (7.100) 


The derivation of the Poisson resummation formula is very beautiful and 
relatively easy to prove, so the proof is given in the appendix at the end 
of this chapter. 





Now let us apply the Poisson resummation formula to our problem. 
The function F (r, G, B) takes the form 


F(r,G, B) = (t2)"/? f(A), (7.101) 


where A is the 2n x 2n matrix 


2(G — BGB) BG" ) l ( 0 in ) 
A=T) ( D = + 174 x (7.102) 
-GİB 1G! ln 0 


It is now a straightforward calculation, described in Exercise 7.4, to com- 
pute the determinant and the inverse of this matrix. The results are 


det A = |r|?" (7.103) 
and 
7G =G 8 0 1 
=L s J IN n 
A = FD ( BG- 2(G — BGB) ) + 174 ( ln 0 ) ; (7.104) 
where 


1 —T1 +17 
= . 7.105 
T |r|? ( ) 


a 
II 
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Interchanging the first n rows and columns with the second n rows and 
columns brings A(r)~! into agreement with A(7). One deduces that 


P(RG,B) =f (-Z6. B) ; (7.106) 


which establishes one-loop modular invariance of the toroidally compact- 
ified theory. 


Even self-dual lattices 


The reason that the proof of modular invariance, given above, was successful 
can be traced to the fact that the moduli space M can be regarded as 
parametrizing the space of even self-dual lattices Tnn of signature (n,n). 
In order to explain what this means, a few basic facts about lattices are 
reviewed in the next section. 


A brief introduction to lattices 


In general, a lattice is defined as a set of points in a vector space V, which 
we take to be R®, (that is, R?+? with Lorentzian inner product) of the 
form 


A= {Some € z) A (7.107) 
i=1 


where m = p + q and {e;} are the basis vectors of A. The metric on the 
lattice is defined by 


Jij = ĉi ` €j. (7.108) 
This metric contains the information about the lengths of the basis vectors 


and their angles. 
The dual lattice is defined by 


A* = {w € V such that w- v € Z, for all v € A}. (7.109) 
This is illustrated in Fig. 7.2. If we call a set of basis vectors of the dual 
lattice {e¥}, then the dual lattice is given by 
m 
A* = {So nied, ni € Zh. (7.110) 
i=1 
The basis vectors of the dual lattice can be chosen to satisfy 


er -ej = Õij. (7.111) 
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The metric on the dual lattice is therefore given by 

Ij = EF G (7.112) 
which is the inverse of gij. A lattice is called 


e unimodular if Vol(A) = y| det g| = 1, 

e integral if v -w € Z for all v, w € A, 

e even if A is integral and v? is even for all v € A, 
e self-dual if A = A*. 
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Fig. 7.2. A lattice and the dual lattice. 


Lattices and toroidal compactifications 


The momenta p! = (pl, ph) in toroidal compactifications of the bosonic 
string live on a lattice ,,, with Lorentzian signature which turns out to be 
even and self-dual: 


e The signature of the lattice is ((+1)”",(—1)”) since the length-squared of 
I 
L 


) 
pk) is defined by 


n 
a 2n-component vector of the form p = (p7, 
P’ = pi, — PR (7.113) 


Here the individual squares p? and DR are computed using the metric 
G,7.® 


6 This lattice can be represented by a lattice with metric n°? = ((+1)”,(—1)"), which was 


discussed in the previous section, by writing G7y = egeb ne? and contracting the momenta 


with the ef. 
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e Using Eq. (7.66), one obtains 
p? = 2W!K, € 22. (7.114) 


This is an even integer. Thus, for fixed values of the moduli, the set of all 
possible vectors p forms a lattice in 2n dimensions all of whose sites have 
even length-squared. This is the condition for an even lattice. It ensures 
that the level-matching condition is satisfied. 

e Moreover, the lattice is self-dual, since the lattice generated by p = 
(pl, ph) is equivalent to the lattice generated by the winding and the 
Kaluza-Klein excitation numbers. Indeed the mass formula can be rewrit- 
ten in the form 

w! 


2r I —1 
M? =2(W! Kpg ee 


) + 4(NR + Ny, - 2). (7.115) 


We saw that this formula has a duality symmetry that exchanges 
Wiok;, Gog. (7.116) 


So this duality inverts the metric on the lattice, and as a result the lattice 
is self-dual. The self-duality condition ensures that the invariance under 
the modular transformation G — G~!, which was discussed in the previous 
section, is satisfied. 


The lattice defined here is an even and self-dual lattice of signature (n, 7). 
One can ask the following mathematical question: For what signatures 
(n1,N2) do even self-dual lattices exist? The answer is that nı and nə 
must differ by a multiple of 8. This result is relevant to the bosonic formu- 
lation of the heterotic string, where the left-moving dimension is 26 and the 
right-moving dimension is 10, so that their difference is 16. 


Type II superstrings 


There is a very similar construction for type II superstrings. In this case, 
the geometry is R? x T” with d+n = 10. By the same reasoning as in 
the bosonic string, one finds an O(n,n;Z) duality group. However, there 
is one new issue, which was already encountered in Chapter 6. This is 
that the inversion element of the duality group also reverses the relative 
chirality of the two fermionic coordinates, which are denoted 0 in the GS 
formalism. In particular, recall that 0t and 6? (corresponding to left- and 
right-moving modes) have opposite chirality for the type IIA theory and the 
same chirality for the type IIB theory. In the case of circle compactification, 
we found that the moduli space is characterized entirely by the radius R of 
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the circle. However, all radii R > 0 are allowed, in contrast to the bosonic 
string theory where R and R = 1/(2R) are equivalent. 

As in the case of the bosonic string theory, one can form a moduli space 
Mn,n of inequivalent toroidal compactifications of type II superstrings as 
a quotient of M? n by a suitable duality group. The appropriate duality 
group is smaller in this case than in the bosonic theory. It is only a subgroup 
of the O(n, n; Z) transformation group. Specifically, it is the subgroup that 
preserves the chirality of the spinors. This reduces the group to SO(n, n; Z). 

To summarize, one could say that the distinction between type IIA and 
type IIB dissolves after T” compactification, and there is a single moduli 
space for the pair constructed in the way indicated here, but this moduli 
space is twice as large as in the case of the bosonic string theory. Chap- 
ter 8 shows that, when other dualities are taken into account, the duality 
group SO(n, n; Z) is extended to F,41(Z), which is a discrete subgroup of 
a noncompact exceptional group. 





EXERCISES 





EXERCISE 7.3 

Consider the bosonic string theory compactified on a circle of radius R = 
Va’. Verify that there is SU(2) x SU(2) gauge symmetry by constructing the 
conserved currents. Show that the modes of the currents satisfy a level-one 
Kac—Moody algebra. 


SOLUTION 


To do this let us focus on the holomorphic right-moving currents, since the 
antiholomorphic left-moving currents work in an identical fashion. Let us 
define 








jt (z) = et2iX??(z)/Vor 





and 
J3(z) = iy 2/a' OX” (2). 


The coefficients in the exponent have been chosen to ensure that J= (z) have 
conformal dimension h = 1. These currents are single valued at the self-dual 
radius R = V/a’, because X?” (z) contains the zero mode ir”. Note that in 
the text we have been setting a’ = 1/2. 
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Now one can compute the OPEs of these currents using the rules discussed 
in Chapter 3. Defining J*(z) = (J!(z) + iJ?(z))/ V2, one obtains 
6 ijk J* (w) 


E ear fe 








T(J (w) ~ 
Defining the modes by 


, , , d l 
FAS y Jiz” or JE f SF n Tile), 


271 
nEZ 


as appropriate for h = 1 operators, it is possible to verify using the tech- 
niques described in Chapter 3 that 


[Ji JI] = iet JE pn + mô” Smpn, 


which is a level-one SU (2) Kac-Moody algebra. 














EXERCISE 7.4 

T-duality, which inverts G, can be translated into transformations on the 
background fields G and B. Show that G > G71 (a statement about 2n x 2n 
matrices) is equivalent to G + B > 4(G + B)! (a statement about n x n 
matrices). 


SOLUTION 


In order to check this, a new metric G and tensor field B , which are related 
to the old fields by 


et fie - | 
G+B= git 8) 

are introduced. Taking the symmetric and antisymmetric parts leads to 
1 


G=,[(G+B)*+(G-B)"] 
and 
p= : ketb tole By). 
By simple manipulations, these can be rewritten in the form 
G= : (G- BGB)’ and = B=-G"'BG. 


Using these expressions for G and B and comparing Eqs (7.69) and (7.70) 
one concludes that 


G=Gr! 
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as required. Oo 


EXERCISE 7.5 

Starting with Eq. (7.95) fill in the details of the derivation of Eq. (7.106). 
In particular, derive the expressions for the determinant (7.103) and the 
inverse matrix (7.104). 


SOLUTION 
Starting with 
Tr (qarqar? = `> eT PR-PL) e772 (PL TPR), 
{W1,Kr} 


and using 


= W 
pe — p? = —2W! Kr and pa +p? = (W K)G Ge J: 


one obtains that the formula for the trace is equivalent to 
` exp (-1MTAM) ; 
{M} 

with 


o 27o(G — BG71B) iTiln + n2 BGT! T W 
oe ( IT 1p — 7G 1B 572G1 ane M= K f 


The determinant of A can be obtained by using the fact that the determinant 
of a block matrix 


a M? ) 203 M2M;" Ma 0 ) & 0 ) 
M3 M4 0 In M3 In 0 Mı 
is given by 
det(M, — M2 M7 'M3) det M4. 
This gives 
det A = |r|?”. 


The result for A~! in Eq. (7.104) can be verified by checking that it gives 
the unit matrix when multiplied with A. The identities 7,7) + T27, = 0 and 











T2T2 — T1% = 1, which follow from 77 = —1, are useful. 
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EXERCISE 7.6 
Show that Grz + By; has the right number of components to parametrize 
the coset space Mì n- 


SOLUTION 


The moduli space M? „ is given in terms of a lattice spanned by the left- 


n,n 
moving and right-moving momenta (py, pr) under the restriction that 


p? — ph € 2A. 


This condition is left invariant by the group of O(n, n, ; R) transformations, 
but the mass formula 


M? = 2(p? + på) — 8 + oscillators 


is not. The invariance of the mass formula is rather given by O(n, R) x 
O(n, R). As a result, the moduli space is given by the quotient space 


O(n,n;R)/O(n; R) x O(n, R). 


Taking into account that O(n, R) has dimension n(n —1)/2 and O(n, n,;R) 

has dimension n(2n — 1), we see that the dimension of the moduli space is 
2 
nî. 

On the other hand, the metric G is a symmetric tensor with n(n + 1)/2 


parameters while the antisymmetric B field has n(n — 1)/2 independent 
2 











components. In total, this gives n components, as we wanted to show. 





EXERCISE 7.7 
Compute the matrix G for the special case of compactification on a circle 
and compare with the results derived in Chapter 6. 


SOLUTION 


In the special case of n = 1 one simply has a circle of radius R, and G41 = R?. 
Then G reduces to the 2 x 2 matrix 


o= (7 2) 


so that 
Mg = (2WR)? + (K/R)’, 


in agreement with the result obtained in Chapter 6 (for a’ = 1/2). The first 
term is the winding contribution and the second term is the Kaluza—Klein 
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contribution. This exhibits the T-duality symmetry K = W, R e 1/(2R), 
which was discussed in Chapter 6. 














EXERCISE 7.8 

Consider the bosonic string compactified on a two-torus T?. Where in the 
moduli space do enhanced gauge symmetries appear? What are the corre- 
sponding gauge groups? 


SOLUTION 


A T? compactification is determined by the moduli 


_ f Gu Giz = 0 1 
ees ee and B=Bu( > ae 


These four real parameters can be traded for two complex parameters 7 and 
p by using the identifications 
G12 V det G 


T=N1+IVn= +4 
G22 G22 





and 
p = pı +ip2 = Biı2 + iv det G. 


Each of these transforms as an SL(2, Z) modulus under T-duality transfor- 
mations. The reason for this can be traced to the identity 


SO(2,2; Z) = SL(2, Z) x SL(2, Z), 


which is the discrete version of the identity SO(2, 2) = SL(2, R) x SL(2, R), 
which appeared in Section 2.2 in a different context. These relations can be 
inverted yielding 


PITIE 1 0 1 
G+B=2( a ETEEN. 
The moduli space of the torus is given by the fundamental domain displayed 
in Fig. 7.3. 
For generic moduli the gauge group is U(1)? x U(1)R. The points of 
enhanced symmetries correspond to the singular points of the fundamental 
domain. We give several examples below, without attempting to give a 


systematic and exhaustive analysis. In particular, we focus on examples 
with B = 0, which have identical spectra for left-movers and right-movers. 
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Fig. 7.3. Fundamental domain of the torus displaying the discrete identifications. 
Points in the 7 plane where enhanced symmetries appear for p = 7 are displayed. 


Suppose that p1 = 7, = 0, so that B = 0 and 


p2T, 0 
G = . 
( 0 p/m ) 


If p2 = T2 Or p2 = 1/72 then one of the two entries is one, which means that 
one of the two circles is at the self-dual radius, and there is an enhanced 
SU (2) gauge symmetry for both left-movers and right-movers. These two 
relations are satisfied simultaneously if 


(T, p) = (i, i). 


In this case both circles are at the self-dual radius and the enhanced symme- 
try is SU(2) x SU (2) for both left-movers and right-movers giving SU(2)* 
altogether. 

Another point of enhanced symmetry appears when 


(Ap) = -5 a 


1 2 -l 
alea 
Here G is proportional to the Cartan matrix of SU (3). (For an introduction 
to the theory of roots and weights of Lie algebras see the review article by 


Goddard and Olive.) As a consequence both the left-movers and the right- 
movers contain the massless vectors required for SU (3) enhanced gauge 


In this case B = 0 and 
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symmetry. Thus, altogether, the gauge symmetry in this case is SU(3) x 
SU(3). 
Oo 





7.4 Bosonic construction of the heterotic string 


Let us now consider the heterotic string in a formalism in which the current 
algebra is represented by bosons. The left-moving sector of the heterotic 
string corresponds to the bosonic string theory while the right-moving sec- 
tor corresponds to the superstring theory. For the theory in ten-dimensional 
Minkowski space-time, the left-moving coordinates consist of ten bosonic 
fields XË(T + o), u = 0,...,9, describing excitations in the noncompact 
dimensions and 16 bosonic fields X(T +), I = 1,...,16, describing ex- 
citations on a 16-dimensional torus T16. The torus is characterized by the 
momenta of the internal bosons pl. They take discrete values that lie on a 
16-dimensional lattice 1g spanned by 16 basis vectors fel, e$, Meaty ele} 


pi E€ T16, pl = X niel, ni € Z. (7.117) 
i 


One-loop modular invariance requires that [1g be a Euclidean even self-dual 
lattice. This ensures that the partition function 


Or(r) = Set” (7.118) 
per 


is a modular form of weight eight, which means that, for a modular trans- 
formation T — 7’ of the usual form, in Eq. (7.92) 


Op(7’) = (er + d)8Op(r). (7.119) 


Remarkably, in 16 dimensions there are only two Euclidean even self-dual 
lattices. 

In eight dimensions there is a unique Euclidean even self-dual lattice, 
denoted ['g. The lattice Ig is the root lattice of the Lie group Eg. This 
beautiful result is at the heart of the reason for the appearance of this Lie 
group in heterotic string theory. This implies that one way to make an even 
self-dual lattice in 16 dimensions is to form Ig x I's, the product of two Eg 
lattices. 

The second even self-dual lattice in 16 dimensions, denoted T16, is the 
weight lattice of Spin(32)/Zə. It contains the weights of two of the four 
conjugacy classes of S'pin(32). One conjugacy class is the root lattice of 
SO(32). The second conjugacy class is one of the two spinor conjugacy 
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classes of Spin(32). Even though the Spin(32)/Zə lattice T16 is different 
from the Eg x Eg lattice, it gives exactly the same partition function Op(r). 
This fact implies that the two heterotic string theories have the same number 
of physical states at every mass level. 


Toroidal compactification of the heterotic string 


Let us consider the heterotic string toroidally compactified to leave 10 — 
n noncompact dimensions. Noncompact dimensions must have both left- 
and right-movers. Therefore, it is necessary to compactify n of the right- 
moving dimensions and 16 + n of the left-moving dimensions. The compact 
dimensions in this set-up are characterized by A16+n,n, which is the lattice 
that describes the discrete momenta and winding modes associated with 16+ 
n left-moving compact dimensions and n right-moving compact dimensions. 
Such a lattice is often called a Narain lattice. We are interested in classifying 
lattices of this signature that are even and self-dual. The reason is that this is 
exactly what is required to ensure one-loop modular invariance of scattering 
amplitudes. 
For n > 0 there is a moduli space of dimension (16 + n)n given by 


Mi6+nn > Mi 64nn/O(16 + n,n; Z), (7.120) 


where 

O(16 + n,n; R) 
O(16 +n, R) x O(n, R) 
The infinite discrete group O(16 + n,n; Z) is the T-duality group for the 
toroidally compactified heterotic string theory. 





Mi 64nn T: (7.121) 


At a generic point in the moduli space the gauge symmetry consists of 
one U(1) gauge field for each dimension of the lattice, giving U(1)16+” x 
U(1)”". The left-moving gauge fields belong to vector supermultiplets, and 
the right-moving gauge fields belong to the supergravity multiplet. Once 
again, there is enhanced nonabelian gauge symmetry at the singularities 
of M. However, in the case of the heterotic string only the left-moving 
gauge fields, which belong to vector supermultiplets, can become nonabelian 
in Minkowski space-time. When this happens, the rank remains 16 + n. 
There is an enormously rich set of possibilities. One class of examples of 
nonabelian gauge groups that can be realized for special loci in the moduli 
space is SO(32 + 2n). In particular, SO(44) is possible for d = 4. The 
proof requires finding the locus in the moduli space where there are massless 
vectors with the appropriate U(1) charges to give the nonzero roots of the 
adjoint representation of the group in question. 
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Duality and the heterotic string 


Let us conclude this chapter by mentioning a beautiful and important rela- 
tion between the two heterotic theories. The distinction between the Eg x Eg 
and SO(32) heterotic theories only exists in ten dimensions. After toroidal 
compactification, there is a single moduli space. In other words, the moduli 
space in ten dimensions consists of two points, whereas in 10 — n dimensions 
it is a connected space of dimension (16 + n)n. 

This can be interpreted as implying that the Eg x Eg and SO(32) het- 
erotic theories are related by T-duality. This is analogous to the relationship 
between the two type II superstring theories. To see what this means, let 
us consider compactification to nine dimensions. In this case the moduli 
space Mj71 has 17 dimensions. One scalar is the metric component gg99 
which encodes the radius of the circle. The other 16 moduli are the gauge 
field components Ai, which are the Wilson lines. For generic values of these 
moduli, the left-moving gauge symmetry is U(1)!”. However, on various loci 
in the moduli space enhanced gauge symmetry occurs. Eg x Eg x U(1) and 
SO(32) x U(1) are just two of the many possibilities. An elementary method 
of exploring the possibilities is to construct Fock-space descriptions of the 
gauge fields with NR = Ny = 0 and p? = 2 along the lines described for the 
bosonic string in 25 dimensions. 





EXERCISES 





EXERCISE 7.9 
Use the Poisson resummation formula to prove that an even self-dual lattice 
Tie has a partition function Or,,(7) that is a modular form of weight eight. 


SOLUTION 
The modular group is generated by the two transformations 
Ta a i and TS) 
z 


so it is sufficient to just consider them. Since the lattice [yg is even, the 
partition function 


Orig (T) = > exp (inrp’) 


pel ie 
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is invariant under 7 — T + 1. In order to check how the partition function 
behaves under the second transformation, we rewrite it in terms of a vector 
N with components n; and the matrix 


Aij = —iTGij, 
where 
Gij = elier; 
and ef; are the basis vectors that appear in Eq. (7.117). This gives 
Or(T) = yo exp (NTAN) . 
peT 16 


Applying the Poisson resummation formula yields 


1 
D exp (=r NT A'N) ; 
ydet A pelus 


Since the lattice is self-dual det G = 1. Also, replacing the matrix G by its 
inverse corresponds to replacing the basis vectors by the dual basis vectors, 
which span the same lattice. Therefore, the result simplifies to 


-8 _ NTA-IN) — -8 În o 
T X` exp ( TN A N) T Z e( T), 


p16 peli6 








which is exactly the transformation obtained from (7.119) for rT = —1/r. O 


EXERCISE 7.10 
Use the bosonic formulation of the heterotic string to construct the first 
massive level of the Eg x Eg heterotic string. 


SOLUTION 


The mass formula for the heterotic string is 


16 
1 1 
M? = Nr=N,-1+- le 
z R= NL +72) 


For the first massive level, M? = 8, there are three possibilities: 


(i) 
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There are 324 possible left-moving states: 


àl äl, 4&2 [0)r, 44, 44|/0),, G%,|0)~, 4% 162, |0)r 


(ii) 


In this case there are 24 x 480 possible left-moving states: 


16 16 
ale > OS. Sap wy aan 
J=1 I=1 
(iii) 
16 
Ne=1, M=0, Sop")? =a 
T= 


In this case there are 129 x 480 possible left-moving states: 


16 


ra = 4)t. 


I=1 


The total number of left-moving states is 73764. In each case the right- 
movers have Nr = 1, so these are the 256 states 


a’_4|3)R, a’_,|a)r, ; S2 li)R, S2 |b)R. 


The spectrum of the heterotic string at this mass level is given by the tensor 
product of the left-movers and the right-movers, a total of almost 20 000 000 
states. m 





Appendix: The Poisson resummation formula 


Let A be a positive definite m x m symmetric matrix and define 


f(A) = Me exp (-1M*? AM) ‘ (7.122) 
{M} 
Here M represents a vector made of m integers Mı, Mo,..., Mm each of 


which is summed from —oo to +oo. The Poisson resummation formula is 


Haje 


waa (7.123) 
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To derive this formula it is convenient to add dependence on m variables 
x’ and define 


=o exp (—1(M + x)" A(M +2)). (7.124) 
{M} 


This function is periodic, with period 1, in each of the x’. Therefore, it must 
have a Fourier series expansion of the form 


=)" Cy(A) exp(2riNT 2). (7.125) 
{N} 


The next step is to evaluate the Fourier coefficients: 
1 
A) ay f(A, ze NT gy, (7.126) 
0 


Inserting the series expansion of f(A, x) in Eq. (7.124) gives 


i -r NT ATIN) 
Cn(A =| exp(—7a! Ar —2riN? rd” z = eles 
E es ) Vaet A 


Note that the summations in Eq. (7.125) have been taken into account by 





. (7.127) 


extending the range of the integrations. It therefore follows that 





= __ i -1 
=e saat (4 ) (7.128) 


as desired. 





HOMEWORK PROBLEMS 





PROBLEM 7.1 

Section 7.1 discussed several possibilities for generating nonabelian gauge 
symmetries in string theory. Show that in the context of toroidally com- 
pactified type II superstring theories, the only massless gauge fields are 
abelian. 


PROBLEM 7.2 

It is possible to compactify the 26-dimensional bosonic string to ten di- 
mensions by replacing 16 dimensions with 32 Majorana fermions. The 32 
left-moving fermions and the 32 right-moving fermions each give a level-one 
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SO(32) current algebra. Making the same GSO projection as in the left- 
moving sector of the heterotic string, find the ground state and the massless 
states of this theory. 


PROBLEM 7.3 

Exercise 7.1 introduced free-fermion representations of current algebras and 
showed that fermions in the fundamental representation of SO(n) give a 
level-one current algebra. 


(i) Find the level of the current algebra for fermions in the adjoint rep- 
resentation of SO(n). 

(ii) Find the level of the current algebra for fermions in a spinor repre- 
sentation of SO(16). 


PROBLEM 7.4 

Generalize the analysis of Exercise 7.6 to the heterotic string. In particular, 
verify that the Wilson lines, together with the B and G fields, have the right 
number of parameters to describe the moduli space M9, +n n in Eq. (7.121). 


PROBLEM 7.5 

In addition to the SO(32) and Eg x Eg heterotic string theories, there is 
a third tachyon-free ten-dimensional heterotic string theory that has an 
SO(16) x SO(16) gauge group. This theory is not supersymmetric. In- 
vent a plausible set of GSO projection rules for the fermionic formulation of 
this theory that gives an SO(16) x SO(16) gauge group and does not give 
any gravitinos. Find the complete massless spectrum. 


PROBLEM 7.6 

The SO(16) x SO(16) heterotic string theory, constructed in the previous 
problem, is a chiral theory. Using the rules described in Chapter 5, construct 
the anomaly 12-form. Show that anomaly cancellation is possible by showing 
that this 12-form factorizes into the product of a four-form and an eight- 
form. 


PROBLEM 7.7 

The ten-dimensional SO(32) and Eg x Eg string theories have the same 
number of states at the massless level. Construct the spectrum at the first 
excited level explicitly in each case using the formulation with 32 left-moving 
fermions. What is the number of left-moving states at the first excited level 
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in each case? Show that the numbers are the same and that they agree with 
the result obtained in Exercise 7.10. 


PROBLEM 7.8 


(i) Consider a two-dimensional lattice generated by the basis vectors 
ef = (1,1) and e2 = (1,—1) 


with a standard Euclidean scalar product. Construct the dual lattice 
A*. Is A: unimodular, integral, even or self-dual? How about A*? 


(ii) Find a pair of basis vectors that generate a two-dimensional even 
self-dual Lorentzian lattice. 


PROBLEM 7.9 
Consider the Euclideanized world-sheet theory for a string coordinate X 


S[X] = L J OXOXd*z. 
M 


Suppose that X is circular, so that X ~ X + 27R and that the world sheet 
M is a torus so that z ~ z+1~2+7. Define winding numbers W, and 
W2 by 


X(z+1,2+1) = X(z, zZ) + 2r RW, 


X(z +7,27 +7) = X (z, Z) + 2r RW2. 


(i) Find the classical solution Xa with these winding numbers. 
(ii) Evaluate the action Sa(Wı, W2) = S[Xa]. 


(iii) Recast the classical partition function 


Zq = y e7 Sal Wi, W2) 
W1,W2 


by performing a Poisson resummation. Is the result consistent with 
T-duality? 


PROBLEM 7.10 
Consider a Euclidean lattice generated by basis vectors e;, 7 = 1,...,8, 
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whose inner products e; - ej are described by the following metric: 


2 -1 0 0 0 0 0 0 


-l1 2 -1 0 0 0 0 0 
0 -1 2 -1 0 0 0 0 
0 0 -1 2 -1 0 0 0 
0 0 0 -1 2 -1 0 -1 
0 0 0 0 -1 2 -1 0 
0 0 0 0 0 -1 2 O 
0 0 0 0 -1 0 0 2 


This is the Cartan matrix for the Lie group Eg. 


(i) Find a set of basis vectors that gives this metric. 
(ii) Prove that the lattice is even and self-dual. It is the Eg lattice. 


PROBLEM 7.11 

As stated in Section 7.4, in 16 dimensions there are only two Euclidean even 
self-dual lattices. One of them, the Eg x Eg lattice, is given by combining 
two of the Eg lattices in the previous problem. Construct the other even 
self-dual lattice in 16 dimensions and show that it is the Spin(32)/Z2 weight 
lattice. 


PROBLEM 7.12 

Show that the spectrum of the bosonic string compactified on a two-torus 
parametrized using the two complex coordinates 7 and p defined in Exer- 
cise 7.8 is invariant under the set of duality transformations SL(2,Z), x 
SL(2,Z), generated by 


TOTEL poptl 
eSa gaio 


Moreover, show that the spectrum is invariant under the following inter- 
changes of coordinates: 


U :(7,p) > (p,T) and V : (o, T) > (-G,-T). 
These results imply that the moduli space is given by two copies of the 
moduli space of a single torus dividing out by the symmetries U and V. 
PROBLEM 7.13 
Consider the bosonic string compactified on a square T3 


ds? = R? (dx? + dy? + dz’), 
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where the coordinates x,y,z each have period 27. Suppose there is also a 
nonvanishing three-form H,,, = N, where N is an integer. For example, 
Bry = Nz. 


(i) Using the T-duality rules for background fields derived in Chapter 6, 
carry out a T-duality transformation in the x direction followed by 
another one in the y direction. What is the form of the resulting 
metric and B fields? 

(ii) One can regard the T? as a T?, parametrized by x and y, fibered over 
the z-circle. Going once around the z-circle is trivial in the original 
background. What happens when we go once around the z-circle 
after the two T-dualities are performed? 

(iii) The background after the T-dualities has been called nongeometrical. 
Explain why. Hint: use the results of the preceding problem. 


PROBLEM 7.14 

Consider the compactification of each of the two supersymmetric heterotic 
string theories on a circle of radius R. As discussed in Section 7.4, the 
moduli space is 17-dimensional and at generic points the left-moving gauge 


17. However, at special points there are enhanced sym- 


symmetry is U(1) 
metries. Assume that the gauge fields in the compact dimensions, that is, 
the Wilson lines, are chosen in each case to give SO(16) x SO(16) x U(1) 
left-moving gauge symmetry. Show that the two resulting nine-dimensional 
theories are related by a T-duality transformation that inverts the radius of 
the circle. This is very similar to the T-duality relating the type IIA and 


IIB superstring theories compactified on a circle. 


PROBLEM 7.15 


(i) Compactifying the Eg x Eg heterotic string on a six-torus to four 
dimensions leads to a theory with M = 4 supersymmetry in four 
dimensions. Verify this statement and assemble the resulting massless 
spectrum into four-dimensional supermultiplets. 

(ii) Repeat the analysis for the type IIA or type IIB superstring. What is 
the amount of supersymmetry in four dimensions in this case? What 
is the massless supermultiplet structure in this case? 


8 
M-theory and string duality 


During the “Second Superstring Revolution,” which took place in the mid- 
1990s, it became evident that the five different ten-dimensional superstring 
theories are related through an intricate web of dualities. In addition to 
the T-dualities that were discussed in Chapter 6, there are also S-dualities 
that relate various string theories at strong coupling to a corresponding dual 
description at weak coupling. Moreover, two of the superstring theories (the 
type IIA superstring and the Eg x Eg heterotic string) exhibit an eleventh 
dimension at strong coupling and thus approach a common 11-dimensional 
limit, a theory called M-theory. In the decompactification limit, this 11- 
dimensional theory does not contain any strings, so it is not a string theory. 


Low-energy effective actions 


This chapter presents several aspects of M-theory, including its low-energy 
limit, which is 11-dimensional supergravity, as well as various nonpertur- 
bative string dualities. Some of these dualities can be illustrated using 
low-energy effective actions. These are supergravity theories that describe 
interactions of the massless fields in the string-theory spectrum. It is not 
obvious, a priori, that this should be a useful approach for analyzing nonper- 
turbative features of string theory, since extrapolations from weak coupling 
to strong coupling are ordinarily beyond control. However, if one restricts 
such extrapolations to quantities that are protected by supersymmetry, one 
can learn a surprising amount in this way. 


BPS branes 


A second method of testing proposed duality relations is to exploit the 
various supersymmetric or Bogomolny—Prasad—Sommerfield (BPS) p-branes 


296 


M-theory and string duality 297 


that these theories possess and the matching of the corresponding spectra of 
states. As we shall illustrate below, saturation of a BPS bound can lead to 
shortened supersymmetry multiplets, and then reliable extrapolations from 
weak coupling to strong coupling become possible. This makes it possible to 
carry out detailed matching of p-branes and their tensions in dual theories. 

The concept of a BPS bound and its saturation can be illustrated by mas- 
sive particles in four dimensions. The M-extended supersymmetry algebra, 
restricted to the space of particles of mass M > 0 at rest in D = 4, takes 
the form 


{Q1 QY} = 2M8" bag + 2i ZT? p, (8.1) 


where Z7 is the central-charge matrix. I,J = 1,...,N labels the super- 
symmetries and a, 3 = 1,2,3,4 labels the four components of each Majorana 
spinor supercharge. The central charges are conserved quantities that com- 
mute with all the other generators of the algebra. They can appear only 
in theories with extended supersymmetry, that is, theories that have more 
supersymmetry than the minimal N = 1 case, because the central-charge 
matrix is antisymmetric Z/7 = —Z/!. The central charges are electric and 
magnetic charges that couple to the gauge fields belonging to the supergrav- 
ity multiplet. 

By a transformation of the form Z — UT ZU, where U is a unitary matrix, 
the antisymmetric matrix Z!/ can be brought to the canonical form 


-Z4 0 0 0 
ZY = 0 0 0 4 (8.2) 
0 0 -Z 0 


with |Z| > |Z2| >... > 0. The structure of Eq. (8.1) implies that the 


2N x 2N matrix 
M Z 
(4 2) n 


should be positive semidefinite. This in turn implies that the eigenvalues 
M+ |Z;| have to be nonnegative. Therefore, the mass is bounded from below 
by the central charges, which gives the BPS bound 








M > |Z}. (8.4) 


States that have M = |Z;| are said to saturate the BPS bound. They be- 
long to a short supermultiplet or BPS representation. States with M > |Z,| 
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belong to a long supermultiplet. The zeroes that appear in the supersym- 
metry algebra when M = |Zj| are responsible for the multiplet shortening. 
A further refinement in the description of BPS states keeps track of the 
number of central charges that equal the mass. Thus, for example, in the 
N = 4 case, states with M = |Z,| = |Z.| are called half-BPS and ones with 
M =|Z,| > |Z2| are called quarter-BPS. These fractions refer to the number 
of supersymmetries that are unbroken when these particles are present. 

The preceding discussion is specific to point particles in four dimensions, 
but it generalizes to p-branes in D dimensions. The important point to 
remember from Chapter 6 is that a charged p-brane has a (p + 1)-form 
conserved current, and hence a p-form charge. To analyze such cases the 
supersymmetry algebra needs to be generalized to cases appropriate to D 
dimensions and p-form central charges. Calling them central is a bit of a 
misnomer in this case, because for p > 0 they carry Lorentz indices and 
therefore do not commute with Lorentz transformations. 

One very important conclusion from the BPS bound given above is that 
BPS states, which have M = |Z,| and belong to a short multiplet, are stable. 
The mass is tied to a central charge, and this relation does not change as 
parameters are varied if the supersymmetry is unbroken. The only way in 
which this could fail is if another representation becomes degenerate with the 
BPS multiplet, so that they can pair up to give a long representation. The 
idea is actually more general than supersymmetry. This is what happens 
in the Higgs mechanism, where a massless vector (a short representation of 
the Lorentz group) joins up with a scalar to give a massive vector (a long 
representation) as a parameter in the Higgs potential is varied. The thing 
that is different about supersymmetric examples is that short multiplets can 
be massive. In any case, the conclusion is that so long as such a joining of 
multiplets does not happen, it is possible to follow BPS states from weak 
coupling to strong coupling with precise control. This is very important for 
testing conjectures about the behavior of string theories at strong coupling, 
as we shall see in this chapter. 





EXERCISES 





EXERCISE 8.1 
The M = 1 supersymmetry algebra in four dimensions does not have a 
central extension. The explicit form of this algebra, with the supercharges 
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expressed as two-component Weyl spinors Qa and Qs = Qh is 
{Qa Qg} = 208 5Pu, and {Qa, Qa} = {Qa Q3} = 0. 


Determine the irreducible massive representations of this algebra. 


SOLUTION 


As in the text, for massive states we can work in the rest frame, where the 
momentum vector is P, = (—M,0,0,0). Then the algebra becomes 


~ 1 0 
{Qa,Q3} =2Mb,g=2M (5 1). 


This algebra is a Clifford algebra, so it is convenient to rescale the operators 
to obtain a standard form for the algebra 


1 
ba = —Qa and dt = 
PT an 


The supersymmetry algebra then becomes 


{babi = dap batok 161505) 0. 


— 
Jone 


As a result, ba and bi, act as fermionic lowering and raising operators, and we 
obtain all the states in the supermultiplet by acting with raising operators bi, 
on the Fock-space ground state |Q}, which satisfies the condition b,|Q) = 0. 
Then, if |Q) represents a state of spin j, a state of spin j + $ is created 
by acting with the fermionic operators b/,|Q). If the ground state |Q) has 
spin 0 (a boson), then 64!) represent the two states of a spin 1/2 fermion. 
Moreover biblo) gives a second spin 0 state. In general, for a ground state 
of spin j > 0 and multiplicity 2j + 1, this construction gives the 4(27 + 1) 
states of a massive representation of M = 1 supersymmetry in D = 4 with 


spins j — 1/2, j, j, j + 1/2. 

















EXERCISE 8.2 

Determine the multiplet structure for massive states of N = 2 supersymme- 
try in four dimensions in the presence of the central charge. In particular 
derive the form of the short and long multiplets. 


SOLUTION 


For N = 2 supersymmetry the central charge is Z/7 = Ze!/. For simplicity, 
let us assume that Z is real and nonnegative. Using this form of the central 
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charge, the supersymmetry algebra in the rest frame can be written in the 
form 


IDn — 
{Qa Qa} = 2M6,,6°", 
{Q}, Q3 = Zeagel’, 


ST J 
{Qa QW} = 2Ze,ge"", 


where I, J = 1,2. We rearrange these generators and define 

4 ~2 $ zl 

ba = Ap = EapQs and Gay m Qa a EapQ3- 

Note that this construction identifies dotted and undotted indices. This 
is sensible because a massive particle at rest breaks the SL(2,C) Lorentz 
group to the SU(2) rotational subgroup, so that the 2 and 2 representa- 
tions become equivalent. It is then easy to verify that the only nonzero 




















anticommutators of these generators are 
{bx (bg)'} = 46ag(M+Z) and {bz (b3)'} = 46aa(M — Z). 


These anticommutation relations give the BPS bound for NV = 2 theories, 
which takes the form 


M > Z. 





If this bound is not saturated, we can act with (bt)? on a spin j ground 
state |Q) to create the 16(27 + 1) states of a long supermultiplet. However, 
if the BPS bound is saturated, that is, if M = Z, then the physical states in 
the supermultiplet are created by acting only with (bt+)'. This reduces the 
number of states to 4(27 + 1) and creates a short supermultiplet. The case 
j = 0 gives a half hypermultiplet. Such a multiplet is always paired with its 
TCP conjugate to give a hypermultiplet with four scalars and two spinors. 


The case j = 1/2 gives a vector multiplet. 














8.1 Low-energy effective actions 


Previous chapters have described how the spectrum of states of the various 
superstring theories behaves in the weak-coupling limit. The masses of all 
states other than the massless ones become very large for a’ — 0, which 
corresponds to large string tension. Equivalently, at least in a Minkowski 
space background where there is no other scale, this corresponds to the 
low-energy limit, since the only dimensionless parameter is a’/E?. In the 
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low-energy limit, it is a good approximation to replace string theory by a 
supergravity theory describing the interactions of the massless modes only, as 
the massive modes are too heavy to be observed. This section describes the 
supergravity theories arising in the low-energy limit of string theory. These 
theories are not fundamental, but they do capture some of the important 
features of the more fundamental string theories. 


Renormalizability 
By conventional power counting, effective supergravity theories are non- 
renormalizable. A good guide to assessing this is to examine the dimensions 
of various terms in the action. The Einstein—Hilbert action, for example, in 
D dimensions takes the form 
1 
167Gp 





i V—gRd? x. (8.5) 


The curvature has dimensions (length)~?, and therefore the D-dimensional 
Newton constant Gp must have dimension (length)?~?. This is proportional 
to the square of the gravitational coupling constant, which therefore has 
negative mass dimension for D > 2. Ordinarily, barring some miracle, this 
is an indication of nonrenormalizability.| It has been shown by explicit 
calculation that no such miracle occurs in the case of pure gravity in D = 4. 
There is no good reason to expect miraculous cancellations in other cases 
with D > 3, either, though it would be nice to prove that they don’t occur. 
Nonrenormalizability is okay for theories whose only intended use is as 
effective actions for describing the low-energy physics of a more fundamental 
theory (string theory or M-theory). The infinite number of higher-order 
quantum corrections to these actions can be ignored for most purposes at 
low energies. Some of these quantum corrections are important, however. 
In fact, some of them already arose in the anomaly analysis of Chapter 5. 
M-theory certainly requires an infinite number of higher-dimension correc- 
tions to 11-dimensional supergravity. Such an expansion is unambiguously 
determined by M-theory (up to field redefinitions) if one assumes a simple 
space-time topology, such as R!°!. In Chapter 9 it is shown that in R121 
there are R* terms, in particular. The present chapter describes dualities 
relating M-theory to type IIA and type IIB superstring theory. These have 
been used to determine the precise form of the R* corrections to D = 11 
supergravity required by M-theory. 
1 Actually, pure gravity for D = 3 appears to be a consistent quantum theory. However, a 


graviton in three dimensions has no physical polarization states, so that theory is essentially 
topological. 
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Eleven-dimensional supergravity 


The low-energy effective action of M-theory, called 11-dimensional super- 
gravity, is our starting point. This theory was constructed in 1978 and 
studied extensively in subsequent years, but it was only in the mid-1990s 
that this theory found its place on the string theory map. 

In its heyday (around 1980) there were two major reasons for being skep- 
tical about D = 11 supergravity. The first was its evident lack of renormal- 
izability, which led to the belief that it does not approximate a well-defined 
quantum theory. The second was its lack of chirality, that is, its left-right 
symmetry, which suggested that it could not have a vacuum with the chiral 
structure required for a realistic model. Within the conventional Kaluza— 
Klein framework being explored at that time, both of these objections were 
justified. However, we now view D = 11 supergravity as a low-energy effec- 
tive description of M-theory. As such, there are good reasons to believe that 
there is a well-defined quantum interpretation. The situation with regard 
to chirality is also changed. Among the new ingredients are the branes, the 
M2-brane and the M5-brane, as well as end-of-the-world 9-branes. As was 
mentioned in Chapter 5, and is discussed further in this chapter, the latter 
appear in the strong-coupling description of the Eg x Eg heterotic string 
theory and introduce left-right asymmetry consistent with anomaly can- 
cellation requirements. There are also nonperturbative dualities, which is 
discussed in this chapter, that relate M-theory to chiral superstring theories. 
Moreover, it is now understood that compactification on manifolds with suit- 
able singularities, which would not be well defined in a pure Kaluza—Klein 
supergravity context, can result in chirality in four dimensions. 


Field content 


Compared to the massless spectrum of the ten-dimensional superstring the- 
ories, the field content of 11-dimensional supergravity is relatively simple. 
First, since it contains gravity, there is a graviton, which is a symmetric 


traceless tensor of SO(D — 2), the little group for a massless particle. It has 
1 1 
(D—1)(D-2)-1= 5D(D 3) = 44 (8.6) 


physical degrees of freedom (or polarization states). The first term counts 





the number of independent components of a symmetric (D — 2) x (D — 2) 
matrix and 1 is subtracted due to the constraint of tracelessness. Since this 
theory contains fermions, it is necessary to use the vielbein formalism and 
represent the graviton by a vielbein field BAs This can also be called an 
elfbein field in the case of 11 dimensions, since viel is German for many, and 
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elf is German for 11. The indices M, N,... are used for base-space (curved) 
vectors in 11 dimensions, and the indices A, B,... are used for tangent-space 
(flat) vectors. The former transform nontrivially under general coordinate 
transformations, and the latter transform nontrivially under local Lorentz 
transformations.” 

The gauge field for local supersymmetry is the gravitino field Vay, which 
has an implicit spinor index in addition to its explicit vector index. For 
each value of M, it is a 32-component Majorana spinor. When spinors 
are included, the little group becomes the covering group of SO(9), which 
is Spin(9). It has a real spinor representation of dimension 16. Group 
theoretically, the Spin(9) Kronecker product of a vector and a spinor is 
9 x 16 = 128+ 16. The analogous construction in four dimensions gives 
spin 3/2 plus spin 1/2. As Rarita and Schwinger showed in the case of a 
free vector-spinor field in four dimensions, there is a local gauge invariance 
of the form Y m = Ove, which ensures that the physical degrees of freedom 
are pure spin 3/2. The kinetic term for a free gravitino field Ym in any 
dimension has the structure 


Sy ~ J Wye Ones: 


Due to the antisymmetry of L'YNP, for Ymy = Ove this is invariant up to 
a total derivative. 

In the case of 11 dimensions this local symmetry implies that the phys- 
ical degrees of freedom correspond only to the 128. Therefore, this is the 
number of physical polarization states of the gravitino in 11 dimensions. In 
the interacting theory this local symmetry is identified as local supersymme- 
try. This amount of supersymmetry gives 32 conserved supercharges, which 
form a 32-component Majorana spinor. This is the dimension of the minimal 
spinor in 11 dimensions, so there couldn’t be less supersymmetry than that 
in a Lorentz-invariant vacuum. Also, if there were more supersymmetry, the 
representation theory of the algebra would require the existence of massless 
states with spin greater than two. It is believed to be impossible to construct 
consistent interacting theories with such higher spins in Minkowski space- 
time. For this reason, one does not expect to find nontrivial supersymmetric 
theories for D > 11. 

In order for the D = 11 supergravity theory to be supersymmetric, there 
must be an equal number of physical bosonic and fermionic degrees of free- 
dom. The missing bosonic degrees of freedom required for supersymmetry 


2 The reader not familiar with these concepts can consult the appendix of Chapter 9 for some 
basics. These also appeared in the anomaly analysis of Chapter 5. 
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are obtained from a rank-3 antisymmetric tensor, Amyn p, which can be rep- 
resented as a three-form A3. As usual for such form fields, the theory has 
to be invariant under the gauge transformations 


A3 — A3 +dAo, (8.7) 


where Ag is a two-form. As is always the case for antisymmetric tensor 
gauge fields, including the Maxwell field, the gauge invariance ensures that 
the indices for the independent physical polarizations are transverse. In the 
case of a three-form in 11 dimensions this means that there are 9-8-7/3! = 84 
physical degrees of freedom. Together with the graviton, this gives 44+84 = 
128 propagating bosonic degrees of freedom, which matches the number of 
propagating fermionic degrees of freedom of the gravitino, which is the only 
fermi field in the theory. 


Action 


The requirement of invariance under A3 gauge transformations, together 
with general coordinate invariance and local Lorentz invariance, puts strong 
constraints on the form of the action. As in all supergravity theories, di- 
mensional analysis determines that the number of derivatives plus half the 
number of fermi fields is equal to two for each term in the action. This re- 
quirement reduces the arbitrariness to a few numerical coefficients. Finally, 
the requirement of local supersymmetry leads to a unique supergravity the- 
ory in D = 11 (up to normalization conventions). In fact, it is so strongly 
constrained that its existence appears quite miraculous. 
The bosonic part of the 11-dimensional supergravity action is 


1 1 
2K, 8 = fiv (z — zira) = JE: A Fy A Fa, (8.8) 


where R is the scalar curvature, F4 = dAg is the field strength associated 
with the potential A3, and «11 denotes the 11-dimensional gravitational cou- 
pling constant. The relation between the 11-dimensional Newton’s constant 
G11, the gravitational constant x11 and the 11-dimensional Planck length £p 
is® 


1 
167G11 = 2K?) = 5 (27b)? (8.9) 


Qn 
The last term in Eq. (8.8), which has a Chern-Simons structure, is inde- 
pendent of the elfbein (or the metric). The first term does depend on the 
elfbein, but only in the metric combination 


Gun = nap ER EX. (8.10) 


3 The coefficients in these relations are the most commonly used conventions. 
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The quantity |F4|? is defined by the general rule 


1 
[Fa]? = ee ae Lee GMan Fup My.-MaFN1No-No- (8.11) 


Supersymmetry transformations 


The complete action of 11-dimensional supergravity is invariant under local 
supersymmetry transformations under which the fields transform according 


to 
ôE% =F, 
ôAmNP =—3él ynW¥ py, (8.12) 
Uy = Ve + iy (TuF —3F( ) €- 
Here we have introduced the definitions 
1 
BM = pineg Pe (8.13) 
and 
1 1 
Fy) = gla, FO] = yFunral8?2, (8.14) 


Straightforward generalizations of this notation are used in the following. 
The formula for dW), displays the terms that are of leading order in fermi 
fields. Additional terms of the form (fermi)?e have been dropped. The Dirac 
matrices satisfy 


Tm = ExT a, (8.15) 


where T4 are the numerical (coordinate-independent) matrices that obey 
the flat-space Dirac algebra. Also, the square brackets represent antisym- 
metrization of the indices with unit weight. For example, 


1 
Piun Vp = 3(funVp +TypWUy +l puny). (8.16) 


Another convenient notation that has been used here is 


pMiMa-Mn — plMıpM2.,, pM, (8.17) 


The covariant derivative that appears in Eq. (8.12) involves the spin con- 
nection w and is given by 


1 
Vue = Ome + quale. (8.18) 
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The spin connection can be expressed in terms of the elfbein by 


1 
WMAB = 3 (-OuaB + QABM — BMA), (8.19) 


where 
Qun* = 20n Efn: (8.20) 


In fact, these relations are valid in any dimension. Depending on conven- 
tions, the spin connection may also contain terms that are quadratic in fermi 
fields. Such terms are neglected here, since they are not relevant to the issues 
that we discuss. 


Supersymmetric solutions 


One might wonder why the supersymmetry transformations have been pre- 
sented without also presenting the fermionic terms in the action. After all, 
it is the complete action including the fermionic terms that is supersym- 
metric. The justification is that one of the main uses of this action, and 
others like it, is to construct classical solutions. For this purpose, only the 
bosonic terms in the action are required, since a classical solution always 
has vanishing fermionic fields. 

One is also interested in knowing how many of the supersymmetries sur- 
vive as vacuum symmetries of the solution. Given a supersymmetric solu- 
tion, there exist spinors, called Killing spinors, that characterize the super- 
symmetries of the solution. The concept is similar to that of Killing vectors, 
which characterize bosonic symmetries. Killing vectors are vectors that ap- 
pear as parameters of infinitesimal general coordinate transformations under 
which the fields are invariant for a specific solution. In analogous fashion, 
Killing spinors are spinors that parametrize infinitesimal supersymmetry 
transformations under which the fields are invariant for a specific field con- 
figuration. Since the supersymmetry variations of the bosonic fields always 
contain one or more fermionic fields, which vanish classically, these variations 
are guaranteed to vanish. Thus, in exploring supersymmetry of solutions, 
the terms of interest are the variations of the fermionic fields that do not 
contain any fermionic fields. In the case at hand this means that Killing 
spinors € are given by solutions of the equation 


1 
bUy = Vme + -> (uF E 3F\? ) 2=0, (8.21) 


and the bosonic terms that have been included in Eq. (8.12) determine the 
possible supersymmetric solutions. 
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M-branes 


An important feature of M-theory (and 11-dimensional supergravity) is the 
presence of the three-form gauge field A3. As has been explained in Chap- 
ter 6, such fields couple to branes, which in turn are sources for the gauge 
field. In this case (n = 3 and D = 11) the three-form can couple electrically 
to a two-brane, called the M2-brane, and magnetically to a five-brane, called 
the M5-brane. If the tensions saturate a BPS bound (as they do), these are 
stable supersymmetric branes whose tensions can be computed exactly. By 
focusing attention on BPS M-branes, it is possible to learn various facts 
about M-theory that go beyond the low-energy effective-action expansion. 
In fact, we will even discover an M-theory version of T-duality that shows 
the limitations of a geometrical description. 

The only scale in M-theory is the 11-dimensional Planck length ¢,. There- 
fore, the M-brane tensions can be determined, up to numerical factors, by 
dimensional analysis. The exact results, which are confirmed by duality ar- 
guments relating M-branes to branes in type II superstring theories, turn 
out to be 


Tm = 2r (27rb)? and Tus = 27 (277) ô. (8.22) 


As is the case with all BPS branes, an M-brane can be excited so that it is 
no longer BPS, but then it would be unstable and radiate until reaching the 
minimal BPS energy density in (8.22). 


Type IIA supergravity 


The action of 11-dimensional supergravity is related to the actions of the 
various ten-dimensional supergravity theories, which are the low-energy ef- 
fective descriptions of superstring theories. The most direct connection is 
between 11-dimensional supergravity and type IIA supergravity. The deep 
reason is that M-theory compactified on a circle of radius R corresponds 
to type IIA superstring theory in ten dimensions with coupling constant 
gs = R/Vo!. This duality is discussed later in this chapter.4 For now, the 
important consequence is that it implies that type IIA supergravity can be 
obtained from 11-dimensional supergravity by dimensional reduction. Di- 
mensional reduction is achieved by taking one dimension to be a circle and 
only keeping the zero modes in the Fourier expansions of the various fields. 
This is to be contrasted with compactification, where all the modes are kept 
4 In particular, it turns out that the type IIA superstring can be obtained from the M2-brane 


by wrapping one dimension of the membrane on the circle to give a string in the other ten 
dimensions. 
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in the lower-dimensional theory. In fact, the type IIA supergravity action 
was originally constructed by dimensional reduction. This is the easiest 
method, so it is utilized in the following. 


Fermionic fields 


As we already discussed in Chapter 5, the massless fermions of type IIA 
supergravity consist of two Majorana—Weyl] gravitinos of opposite chirality 
and two Majorana—Weyl] dilatinos of opposite chirality. These fermionic 
fields can be obtained by taking an 11-dimensional Majorana gravitino and 
dimensionally reducing it to ten dimensions. The 32-component Majorana 
spinors Ọm give a pair of 16-component Majorana—Weyl spinors of oppo- 
site chirality. Then the first ten components give the two ten-dimensional 
gravitinos and WV, gives the two ten-dimensional dilatinos. Each type IIA 
dilatino has eight physical polarizations, because the Dirac equation implies 
that half of the 16 components describe independent propagating modes. For 
the counting to add up, it is clear that each of the gravitinos must have 56 
physical degrees of freedom. These are the dimensions of irreducible repre- 
sentations of S'pin(8), so the discussion given here can be understood group 
theoretically as the decomposition of the 128 representation of Spin(9) into 
irreducible representations of the subgroup Spin(8). Altogether, there are 
128 fermionic degrees of freedom, just as in 11 dimensions. This preserva- 
tion of degrees of freedom is a general feature of dimensional reduction on 
circles or tori. 


Bosonic fields 


Let us now consider the dimensional reduction of the bosonic fields of 11- 
dimensional supergravity, the metric and the three-form. Greek letters 
H, v, ... refer to the first ten components of the 11-dimensional indices M, N, 
which are chosen to take the values 0,1,...,9,11. Note that we skip the in- 
dex value 10. The metric is decomposed according to 


= pee AoA, EPA 
Gun =e 78 G e? 4, 5 28 , (8.23) 


where all of the fields depend on the ten-dimensional space-time coordinates 
x” only. The exponential factors of the scalar field ®, which turns out to be 
the dilaton, are introduced for later convenience. From the decomposition 
of the 11-dimensional metric (8.23) one gets a ten-dimensional metric gyv, 
a U(1) gauge field A, and a scalar dilaton field @. Equation (8.23) can be 
recast in the form 


ds? = Gunda de® = e~?9/3g,,,dx#dx” + et? (det! + A,dx")?. (8.24) 
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In terms of the elfbein Ee this reduction takes the form 


—®/3 a 

A e e 0 

Em = (osa 2's) , (8.25) 
where e; is the ten-dimensional zehnbein. The corresponding inverse elfbein, 
which is useful in the following, is given by 


b/3 -H 
M_{ € '°€a 0 
Eq = Con mp) (8.26) 


The three-form in D = 11 gives rise to a three-form and a two-form in 
D=10 


AC ete nid: A Bie (8.27) 
with the corresponding field strengths given by 
11 11 

Ro T Fiwpr and Rion = H wp- (8.28) 


The dimensional reduction can lead to somewhat lengthy formulas due to 
the nondiagonal form of the metric. A useful trick for dealing with this is 
to convert first to tangent-space indices, since the reduction of the tangent- 
space metric is trivial. With this motivation, let us expand 


11 M pN pP 11 
Poa = Ey Eg I R (8.29) 


There are two cases depending on whether the indices (A, B, C, D) are purely 
ten-dimensional or one of them is 11-dimensional 
o zpen (Fabcd a 4A (a Hoca) = ett Pin 
(8.30) 
11 
Pn = €8/3 Hate 


It follows that upon dimensional reduction the 11-dimensional field strength 
is a combination of a four-form and a three-form field strength 


FO = A°3RO 4 BOP, (8.31) 


where Ij; is the ten-dimensional chirality operator. The quantities F and 
HC) are defined in the same way as F® in Eq. (8.13). Using differential- 
form notation, the rescaled tensor field can be written as 


Fy = dA3+ A; A H3. (8.32) 


Notice that for the four-form F4 to be invariant under the U (1) gauge 
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transformation 6A, = dA, the three-form potential should transform as 
6A3 = dA A B. Then 


ôF, = d(dA ^ B) + dA A H3 =0. (8.33) 


In addition, the four-form F, is invariant under the more obvious gauge 
transformation 6A3 = dAo. 


Coupling constants 


The vacuum expectation value of exp ® is the type IIA superstring coupling 
constant gs. From Eq. (8.24) we see that if a distance in string units is 1, 
say, then the same distance measured in 11d Planck units is ga! 3. For small 
gs, this is large. It follows that the Planck length is smaller than the string 
length if gs is small. As a result,° 


2 


lp =gh with h= (8.34) 


In ten dimensions the relation between Newton’s constant, the gravita- 
tional coupling constant and the string length and coupling constant is 


1 
167G19 = 2K? = zz Th) gs- (8.35) 


Dimensional reduction on a circle of radius Ri, gives a relation between 
Newton’s constant in ten and 11 dimensions 


G11 = 2r Ri1Gio. (8.36) 
Using Eqs (8.9) and (8.34), one deduces that the radius of the circle is 
Ri = gP = gsbs. (8.37) 


These formulas are confirmed again later in this chapter when the type IIA 
D0-brane is identified with the first Kaluza—Klein excitation on the circle. 
Let us also define 


1 
2k? = zy Th)", (8.38) 


which agrees with 2K20 up to a factor of g2, that is, Ki = k?g2. 


5 Chapter 2 introduced a string length scale ls = V 2a’, which has been used until now. Here it is 
convenient to introduce a string length scale 0s = Va’, which is used throughout this chapter. 
Note the change of font. Both conventions are used in the literature, and there is little to be 
gained from eliminating one of them. 
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Action 


The bosonic action in the string frame for the D = 10 type IIA supergravity 
theory is obtained from the bosonic D = 11 action once the integration over 
the compact coordinate is carried out. The result contains three distinct 
types of terms 


S = Sns + SR + Sos. (8.39) 
The first term is 


Swng d9x,/—ge 2” | R+ 40, BONS — l H|? ). 8.40) 
5 2 


DK? 
Note that the coefficient is 1/2”, which does not contain any powers of the 
string coupling constant gs. This string-frame action is characterized by the 
exponential dilaton dependence in front of the curvature scalar. By a Weyl 
rescaling of the metric, this action can be transformed to the Einstein frame 
in which the Einstein term has the conventional form. This is a homework 
problem. 

The remaining two terms in the action S involve the R-R fields and are 
given by 


1 A 
S=- f Hava (IP + (ŽP), (8.41) 
K 


i 
Scs = —— | B2 A F4 A Fa. 8.42 
cs >f 2A F4 A Fa (8.42) 


As a side remark, let us point out the following: a general rule, discussed in 
Chapter 3, is that a world sheet of Euler characteristic x gives a contribution 
with a dilaton dependence exp(y®), which leads to the correct dependence 
on the string coupling constant. All terms in the classical action Eq. (8.39) 
correspond to a spherical world sheet with x = —2, because they describe 
the leading order of the expansion in g,. Notice, however, that the terms 
Sp and Scs, which involve R-R fields, do not contain the expected factor 
of e~2®. This is only a consequence of the way the R-R fields have been 
defined. One could rescale Cy and Fy by Cy = e- °C, and fy = e`? Fh, 
where Fy = dC, — d® ^ Ci and make analogous redefinitions for C3 and 
Fy. Then the factor of e~?® would appear in all terms. However, this field 
redefinition is not usually made, so the action that is displayed is in the form 
that is most commonly found in the literature. 


Supersymmetry transformations 


Let us now examine the supersymmetry transformations of the fermi fields 
to leading order in these fields. We first rewrite the gravitino variation in 
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Eq. (8.12) in the form 


1 1 
ôV a = Eh Oye + qwapol Ce Fo (sFOr a-r AF) g (8.43) 


where we are using 11-dimensional tangent-space indices. To interpret the 
previous expression in terms of ten-dimensional quantities, we need to work 
out the various pieces of the spin connection, which (to avoid confusion) is 


now denoted wes: Using Eq. (8.19), one finds that 


2 
orau Serg gba u®) +e? FY IT (8.44) 
and 
1 4 
gorse = eRT ABT (845) 


Using these equations 
l 1 1 ox l 
e */3 504, = sje be — 3, 8I"Tie + aoe Ee + gue (8.46) 
and 
1 1 
e 235u, = eV né — gra’ Oude + qe Fal Tue 
1 ~ ~ 1 
Hae GFOT — Oe ee — 5g BHO a +T,H®)Piye. (8.47) 


To obtain the supersymmetry transformations in the desired form, we 
define new spinors as follows: 


= e7? 6p, (8.48) 
~ 2 1 
v, =e? (0, + Iau) (8.49) 
and € = exp(®/6)e. The final expressions for the supersymmetry transfor- 
mations then become® 
1 1 1 1 ax 
À = (-5rarn + gH” = qc EY + sero) e (8.50) 


and 
ôv, = |V -Hí T — -e F pla” T11 + -e F. T E 8.51 
H L u 11 8 vpt u 11 8 L : ( G ) 


The second term in 6W,, has an interpretation as torsion.’ Because of the T11 


6 In order to make the equations less cluttered, we have removed the tildes from the fermionic 
fields and e. 
7 Torsion is defined in the appendix of Chapter 9. 


8.1 Low-energy effective actions 313 





factor, the torsion has opposite sign for the opposite chiralities 5(1 Tag) Wy: 
The spinors A, V,, and € are each Majorana spinors. As such they could 
be decomposed into a pair of Majorana—Wey] spinors of opposite chirality, 
though there is no advantage in doing so. Therefore, they describe two 
dilatinos, two gravitinos and M = 2 supersymmetry in ten dimensions. 


Type IIB supergravity 


Unlike type IIA supergravity, the type IIB theory cannot be obtained by 
reduction from 11-dimensional supergravity. The guiding principles to con- 
struct this theory come from supersymmetry as well as gauge invariance. 
One challenging feature of the type IIB theory is that the self-dual five-form 
field strength introduces an obstruction to formulating the action in a man- 
ifestly covariant form. One strategy for dealing with this is to focus on the 
field equations instead, since they can be written covariantly. Alternatively, 
one can write an action that needs to be supplemented by a self-duality 
constraint. 


Field content 


Chapter 5 derived the massless spectrum of the type IIB superstring, which 
gives the particle content of type IIB supergravity. The fermionic part of the 
spectrum consists of two left-handed Majorana—Wey]l gravitinos (or, equiv- 
alently, one Weyl gravitino) and two right-handed Majorana—Wey] dilatinos 
(or, equivalently, one Weyl] dilatino). The NS—NS bosons consist of the met- 
ric (or zehnbein), the two-form Bə (with field strength H3 = dBz) and the 
dilaton ®. The R-R sector consists of form fields Co, C2 and C4. The latter 
has a self-dual field strength Fs. 


The self-dual five-form 


The presence of the self-dual five-form introduces a significant complication 
for writing down a classical action for type IIB supergravity. The basic issue, 
which also exists for analogous self-dual tensors in two and six dimensions, 
is that an action of the form 


T Fe)? dx (8.52) 


does not incorporate the self-duality constraint, and therefore it describes 
twice the desired number of propagating degrees of freedom. The introduc- 
tion of a Lagrange multiplier field to implement the self-duality condition 
does not help, because the Lagrange multiplier field itself ends up reintro- 
ducing the components it was intended to eliminate. 
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There are several different ways of dealing with the problem of the self- 
dual field. The original approach is to not construct an action, but only 
the field equations and the supersymmetry transformations. This is entirely 
adequate for most purposes, since the supergravity theory is only an effec- 
tive theory, and not a quantum theory that one inserts in a path integral. 
The basic idea is that the supersymmetric variation of an equation of mo- 
tion should give another equation of motion (or combination of equations 
of motion). By pursuing this systematically, it turns out to be possible to 
determine the supersymmetry transformations and the field equations simul- 
taneously. In fact, the equations are highly overconstrained, so one obtains 
many consistency checks. 

It is possible to formulate a manifestly covariant action with the correct 
degrees of freedom if, following Pasti, Sorokin, and Tonin (PST), one in- 
troduces an auxiliary scalar field and a compensating gauge symmetry in a 
suitable manner. The extra gauge symmetry can be used to set the auxiliary 
scalar field equal to one of the space-time coordinates as a gauge choice, but 
then the resulting gauge-fixed theory does not have manifest general coordi- 
nate invariance in one of the directions. Nonetheless, it is a correct theory, 
at least for space-time topologies for which this gauge choice is globally well 
defined. 


An action 


We do not follow the PST approach here, but instead present an action 
that gives the correct equations of motion when one imposes the self-duality 
condition as an extra constraint. Such an action is not supersymmetric, how- 
ever, because (without the constraint) it has more bosonic than fermionic 
degrees of freedom. Moreover, the constraint cannot be incorporated into 
the action for the reasons discussed above. 

The way to discover this action is to first construct the supersymmetric 
equations of motion, and then to write down an action that reproduces those 
equations when the self-duality condition is imposed by hand. The bosonic 
part of the type IIB supergravity action obtained in this way takes the form 


S = Sns + SR + Sos. (8.53) 


Here Sys is the same expression as for the type IIA supergravity theory in 
Eq. (8.40), while the parts of the action describing the massless R-R sector 
fields are given by 


1 ~ 1 ~ 
SR = z f Hava Gi + |F3|? + 315) f (8.54) 
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coe -g fc CARA (8.55) 

In these formulas Fh+1 = dC,, H3 = d B2 and 
F; = F; — Co Hs, (8.56) 
F; = F; — to A H3 + 5 Bs A Fs. (8.57) 


These are the gauge-invariant combinations analogous to F, in the type 
IIA theory. In each case the R-R fields that appear here differ by field 
redefinitions from the ones that couple simply to the D-brane world volumes, 
as described in Chapter 6. The five-form satisfying the self-duality condition 
is Fs, that is, 


F; = «Fs. (8.58) 


This condition has to be imposed as a constraint that supplements the equa- 
tions of motion that follow from the action. 


Supersymmetry transformations 


Even though the action we presented is not the bosonic part of a supersym- 
metric action, the field equations, including the constraint, are. In other 
words, as explained earlier, the supersymmetry variations of these equa- 
tions vanish if after the variation one imposes the equations themselves. 
The supersymmetry transformations of type IIB supergravity are required 
in later chapters, so we present them here. 

Let us represent the dilatino and gravitino fields by Weyl spinors A and 
WV,,, respectively. Similarly, the infinitesimal supersymmetry parameter is 
represented by a Weyl spinor £. The supersymmetry transformations of the 
fermi fields of type IIB supergravity (to leading order in fermi fields) are 


j= ; (0,8 — ie®O,Co) T#e + : (ie? FO) - HO) e* (8.59) 


and 


ia i 
ôt, = (va Poy FOP, + z 


= 1 z 
Sp) i (3) 1 s,.®FR(3) X 
e? ry) e = (2AP + ie POT, ) e. 
(8.60) 


Global SL(2, R) symmetry 
Type IIB supergravity has a noncompact global symmetry SL(2, R). This 
is not evident in the equations above, so let us sketch what is required to 
make it apparent. The theory has two two-form potentials, Bz and C2, which 
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transform as a doublet under the SL(2, R) symmetry group. Therefore, to 
rewrite the action in a way that the symmetry is manifest, let us rename 
the two-form potentials By = BY and C2 = BP and introduce a two- 


(1) 
B 
Be ( Be) (8.61) 


Similarly, H3 = dB is also a two-component column vector. Under a trans- 


component vector notation 


formation by 


A= ( ae ) € SL(2,R), (8.62) 
b a 

the B fields transform linearly by the rule 
By — A B3. (8.63) 


Since the parameters in A are constants, H3 transforms in the same way. 
The complex scalar field 7, defined by 


T= Co +ie?, (8.64) 
is useful because it transforms nonlinearly by the familiar rule 


ar +b 
=F x 
cr+d 





(8.65) 


The field Co is sometimes referred to as an axion, because of the shift sym- 
metry Co — Co+constant of the theory (in the supergravity approximation), 
and then the complex field 7 is referred to as an azion—dilaton field. 

The action can be conveniently written in terms of the symmetric SL(2, R) 


matrix 
_ af Ir? -Co 
M=e (a 1 i (8.66) 
which transforms by the simple rule 
M => (AHE MAT E. (8.67) 


The canonical Einstein-frame metric gi and the four-form C4 are SL(2, R) 
invariant. Note that since the dilaton transforms, the type IIB string-frame 
metric guv in the action (8.53), which is related to the canonical Einstein 
metric by 


quae rg) (8.68) 
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is not SL(2, R) invariant. The transformation of the scalar curvature term 
under this change of variables is given by 


1 
aa | te =e R > za | Devar- 2 0HD0,d), (8.69) 


Die 
where the string-frame metric is used in the first expression and the Einstein- 
frame metric is used in the second one. 

Using the quantities defined above, the type IIB supergravity action can 
be recast in the form 


S= 55 | Pava (z- T EHE, MH? + Ttr(0" MO M n) 


1 ~ $ ; 
Gna. (| dav —9|F5|? + [cuts A H! ) A 9?) ‘ (8.70) 


where the metric g? is used throughout. This action is manifestly invariant 
under global SL(2, R) transformations. 

The self-duality equation, F; = = xF5, which is imposed as a constraint in 
this formalism, is also SL(2, R) invariant. To see this, first note that the 
Hodge dual that defines xF; is invariant under a Weyl rescaling, so that it 
doesn’t matter whether it is defined using the string-frame metric or the 
Einstein-frame metric. The definition of F5 in Eq. (8.57) can be recast in 
the manifestly SL(2, R) invariant form 


= 1 , 
Fy = Fy + zey By A Hy”. (8.71) 


The invariance of the self-duality equation then follows. 


Type I supergravity 
Field content 


As explained in Chapter 6, type I superstring theory arises as an orientifold 
projection of the type IIB superstring theory. This involves a truncation 
of the type IIB closed-string spectrum to the left-right symmetric states 
as well as the addition of a twisted sector consisting of open strings. The 
massless closed-string sector is M = 1 supergravity in ten dimensions and 
the massless open-string sector is V = 1 super Yang-Mills theory with gauge 
group SO(32) in ten dimensions. Therefore, the low-energy effective action 
should describe the interactions of these two supermultiplets to leading order 
in the a’ expansion. 
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Restricting to the bosonic sector of the theory, the massless fields of type 
I superstring theory in ten dimensions consist of 


Juv, ®, C2 and Ary: (8.72) 


Here g is the graviton, ® is the dilaton, C2 is the R-R two-form and A, 
is the SO(32) Yang-Mills gauge field coming from the twisted sector. 


Action 
In the string frame, the bosonic part of the supersymmetric Lagrangian 
describing the low-energy limit of the type I superstring is 
o 1 
WK? 


Pox 2 
g Í dryg je (R+ 40,00"®) — IPP - age (lE) 


(8.73) 
Here Fp = dA + AA A is the Yang-Mills field strength corresponding to the 
gauge field A = A,,dx". Moreover, 


2 


F = dC) + Bus, (8.74) 


as explained in the anomaly analysis of Chapter 5.8 In the full string theory 
the Chern—Simons term is 


w3 = WL — WYM; (8.75) 
where 
wy = tr(w A dw + sw Nw Aw) (8.76) 
and 
Ree Oey ee SAA ANA). (8.77) 


Here wr, is the Lorentz Chern-Simons term (w is the spin connection) and 
wym is the Yang-Mills Chern—Simons term. However, the Lorentz Chern- 
Simons term is higher-order in derivatives, so only the Yang-Mills Chern- 
Simons term is part of the low-energy effective supergravity theory. 

The parameter g, introduced in Eq. (8.73), is related to the ten-dimensional 
Yang-Mills coupling constant gym by 


hu _ 
as = GG (27€5)° gs. (8.78) 
In type I superstring theory, gym is an open-string coupling, and therefore 


8 The conventions here correspond to setting the parameter u that was introduced in Section 5.4 
equal to 8/€2. The gauge field A is antihermitian as in Chapter 5. 
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it is proportional to \/gs. As discussed in Chapter 3, this is a consequence of 
the fact that open strings couple to world-sheet boundaries, whereas closed 
strings couple to interior points of the string world sheet.? In the heterotic 
string theory, considered in the next section, the counting is a bit different. 
There gyy is a closed-string coupling, and therefore it is proportional to gs. 

Note that the first two terms of Eq. (8.73) come from a spherical world 
sheet (with x = —2), whereas the last term comes from a disk world sheet 
(with x = —1). The third term involves an R-R field and therefore is 
independent of ®, as discussed earlier. 

The action (8.73) describes NV = 1 supergravity coupled to SO(32) super 
Yang-Mills theory in ten dimensions. As such, it only contains the leading 
terms in the low-energy expansion of the effective action of the type I super- 
string theory. In this particular case, some of the higher-order corrections 
to this action are already known from the anomaly analysis. Specifically, 
as mentioned above, the Chern—Simons term in the definition of F3 con- 
tains both a Yang-Mills and a Lorentz contribution in the full theory, but 
the Lorentz Chern—Simons term is higher-order in derivatives, and there- 
fore it is not included in the leading low-energy effective action. A local 
counterterm proportional to 


Jo ^ Ys, (8.79) 


also required by anomaly cancellation, consists entirely of terms of higher 


dimension than are included in the action given above.!° 


Supersymmetry transformations 


Let us now consider the supersymmetry transformations that leave the type 
I effective action invariant. The terms involving the supergravity multiplet 
can be obtained by truncation of the type IIB supersymmetry transforma- 
tions given earlier. The type IIB formulas used complex fermi fields such as 
A= A; + 7,2, and similarly for Y, and the supersymmetry parameter £. In 
the truncation to type I the combinations that survive are Majorana—Wey] 
fields given by sums such as À = Aj + Ag, and similarly for UV, and the 
supersymmetry parameter £. Using this rule, the type IIB formulas imply 
that the transformations of the fermions in the supergravity multiplet are 


9 This rule can be understood in terms of the genus of the relevant world-sheet diagrams. 
10 The precise form of Yg can be found in Chapter 5. 
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given in the type I case by 
ôt, =V- de® FOT,e, 


bX = igbe + LeP Fe, (8.80) 


Ox = —$F@e, 


The last equation represents the supersymmetry transformation of the ad- 
joint fermions x in the super Yang-Mills multiplet. As always, there are 
corrections to these formulas that are quadratic in fermi fields, but these 
are not needed to construct Killing spinor equations. 


Heterotic supergravity 


Chapter 7 derived the particle spectrum of the heterotic string theories in 
ten-dimensional Minkowski space-time. The massless field content of the 
SO(32) heterotic string theory is exactly the same as that of the type I 
superstring theory. The massless fields of the Eg x Eg heterotic string differ 
only by the replacement of the gauge group, though the differences are more 
substantial for the massive excitations. 


Action 


The bosonic part of the low-energy effective action of both of the heterotic 
theories in the ten-dimensional string frame is given by 


_ 1 
DK 


k2 
Tr] 


30g 
(8.81) 
Note that the entire action comes from a spherical world sheet in this case, 


S 





ee 
f Dava [R+ 10,60" 5 Hl’ 


and heterotic theories have no R-R fields, which explains why every term 
contains a factor of exp(—2®). F> is the field strength corresponding to the 
gauge groups SO(32) or Eg x Eg and 


2 C2 
H; = dBo+ 743 (8.82) 


satisfies the relation 


le 2 1 
dH3 = 5 (un AR- gA A r) d (8.83) 


However, as noted in the type I context, the Lorentz term is not part of 
the leading low-energy effective theory. The gauge theory trace denoted Tr 
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is evaluated using the 496-dimensional adjoint representation. As was dis- 
cussed in Chapter 5, this can be re-expressed in terms of the 32-dimensional 
fundamental representation of SO(32), for which the trace is denoted tr, by 
using the identity 


1 
iE AF = 2 TF AF. (8.84) 


Sometimes this notation is used in the Eg x Eg theory, as well, even though 
this group doesn’t have a 32-dimensional representation. In this notation, 
the cohomology classes of trR A R and trF A F must be equal, since dH3 is 
exact. 


Supersymmetry transformations 


The heterotic string effective action has M = 1 local supersymmetry in ten 
dimensions, which means that the gravitino field Y, is a Majorana—Weyl 
spinor. There is also a Majorana—Wey] dilatino field A. The bosonic parts 
of the transformation formulas of the fermi fields, which is what is required 
to read off the Killing spinor equations, are 


OW, = Vpe- LAM, 


SÀ -4H be + AO e, (8.85) 


ox = -1F®e. 


The first two transformations can be deduced from the type IIB supersym- 
metry transformations by truncating to an M = 1 subsector and keeping 
only the NS-NS fields. A nice feature of this formulation is that the H 
contribution to dW,, can be interpreted as torsion. 





EXERCISES 





EXERCISE 8.3 
The previous section described the global symmetry of the type IIB super- 
gravity action using a matrix M. Verify the identities 

OV TOUT 
2(Imr)? 





1 1 
j0" Mð, M?) = = -7 (OBI, + e”® 0" Coð,Co) . 


Verify the SL(2, R) invariance of this expression. 
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SOLUTION 


By definition 7 = Co + ie~® and 


_ ef r? -Co 
M=e C 1 J 
-1_ © 1 Co 
oe (a eh): 


tr(O"Ma,M~) = 52, (e|r/?) Ə! (e?) — 52, (Coe®) a" (Coe?) 


As a result, 


So 


1 
= 5 (OBI, + e”? "C08 C0) . 
Also, 


OV TOT 1 Me ees 
2m7) = e OF (Co + ie ?) ô, (Co — ie 2) 





= — $ ("80,8 + tF C00,C0) ; 


This establishes the required identities. The SL(2, R) symmetry is manifest 
for tr(0“M0d,,M~'), because when one substitutes M — (A~!)’MA~! the 
constant A factors cancel using the cyclicity of the trace. 














EXERCISE 8.4 
Verify that the action in Eq. (8.70) agrees with Eq. (8.53). 


SOLUTION 


First we need the action (8.53) in the Einstein frame. Using Eqs (8.68) and 
(8.69), it is given by S = Sng + Sp + Scs, where 


1 10 1 l Spr 3 
NA Jal R— ~8,00" — -etH 
SNs =a fd x a(R 5 On o z | H3| 


1 m2 HF 
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We only need to rewrite the first two terms in Eq. (8.70) and compare them 
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with the corresponding terms in the above actions, since the last two terms 
obviously agree. These terms are 
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Using Fs = F; — Co H3, it becomes manifest that all terms match. 


8.2 S-duality 


S-duality is a transformation that relates a string theory with coupling con- 
stant gs to a (possibly) different theory with coupling constant 1/gs. This is 
analogous to the way that T-duality relates a circular dimension of radius 
R to one of radius ¢2/R. In each case the parameter is given by the vacuum 
expectation value of a scalar field. Thus the duality, at a more fundamental 
level, can be understood in terms of field transformations. 

The symmetry of Maxwell’s equation under the interchange of electric 
and magnetic quantities, combined with the Dirac quantization condition, 
already hints at the possibility of such a duality in field theory. This 
strong—weak (or electric-magnetic) duality symmetry generalizes to non- 
abelian gauge theories. The cleanest example is M = 4 supersymmetric 
Yang-Mills (SYM) theory, which is a conformally invariant quantum the- 
ory, a fact that plays an important role in Chapter 12. In fact, when one 
includes a 0 term 


0 a a 


in the definition of the M = 4 SYM theory (as one should), this theory has 
an SL(2,Z) duality under which the complex coupling constant 

0 An 

2m IvM 
transforms as a modular parameter. The fact that the theory is conformally 
invariant ensures that 7 is a constant independent of any renormalization 
scale. The simple electric-magnetic duality gym — 4r /gym corresponds to 
the special case r — —1/7 evaluated for 6 = 0. There has been extensive 
progress in recent times in understanding electric-magnetic dualities of other 
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supersymmetric gauge theories, starting with the important work of Seiberg 
and Witten in 1994 for N = 2 gauge theories. 


A double expansion 


In order to understand the various string dualities and their relationships it is 


useful to view string theory as a simultaneous expansion in two parameters:!! 


e One parameter is the Regge slope (or inverse string tension) a’. An ex- 
pansion in a’ is an expansion in “stringiness” about the point-particle 
limit. Mathematically, it is the perturbation expansion that corresponds 
to quantum-mechanical treatment of the string world-sheet theory, even 
though it concerns the classical physics of a string. (Recall that the world- 
sheet action has a coefficient 1/a’, so that a’ plays a role analogous to 
Planck’s constant.) Since a’ has dimensions of (length)?, the dimension- 
less expansion parameter can be a'p?, where p is a characteristic momen- 
tum or energy, or a’ /L?, where L is a characteristic length scale, such as 
the size of a compact dimension. 

e The second expansion is the one in the string coupling constant gs, which 
is the expectation value of the exponentiated dilaton field. This is the 
expansion in the number of string loops or, equivalently, the genus of the 
string world sheet. 


S-duality and T-duality are quite analogous. However, S-duality seems 
deeper in that it is nonperturbative in the string loop expansion, whereas 
T-duality holds order by order in the loop expansion. In particular, it is 
valid in the leading (tree or classical) approximation. 


Type I superstring — SO(32) heterotic string duality 


The low-energy effective actions for the type I and SO(32) heterotic theories 
are very similar. In particular, they are mapped into one another by the 
simple transformation 


© — —® (8.88) 
combined with a Weyl rescaling of the metric 
Juv > e`ga. (8.89) 


Thus the canonical Einstein metric Gp =e ?/ gw is an invariant combina- 
tion. All other bosonic fields remain unchanged (A > A and Bg > C2). 


11 The discussion that follows applies to any of the superstring theories. 
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This leads to the conjecture that the two string theories (not just their 
low-energy limits) are actually dual to one another, which means that they 
are descriptions in two different regions of the parameter space of one and 
the same quantum theory. Since the string coupling constant is the vev of 
exp(®) in each case, Eq. (8.88) implies that the type I superstring coupling 
constant is the reciprocal of the SO(32) heterotic string coupling constant, 


959s = 1- (8.90) 


Thus, when one of the two theories is weakly coupled, the other one is 
strongly coupled. This, of course, makes proving the type [-heterotic duality 
difficult. Some checks, beyond the analysis of the effective actions described 
above, can be made and no discrepancy has been found. More significantly, 
this is one link in an intricate overconstrained web of dualities. If any of 
them were wrong, the whole story would fall apart. 


Nonperturbative test 


As an example of a nonperturbative test of the duality, consider the D-string 
of the type I theory, whose tension is 


1 1 
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(8.91) 
Let us test the conjecture that this string actually is the SO(32) heterotic 
string, whose tension is 

1 


Try = — 8.92 
EI Qn l2’ ( ) 


continued from weak coupling to strong coupling. The D-string is a super- 
symmetric object that saturates a BPS bound, and therefore the tension 
formula ought to be exact for all values of gs. To compare these formulas 
one must realize that although the physical values of 4, are the same in the 
two cases, they are being measured in different metrics, as a consequence of 
the Weyl rescaling in Eq. (8.89). Thus 


Combined with the rule gs — 1/gs, this indeed implies that the tensions Tp 
and Ty, agree. Note that the transformation gs > 1/gs, ls > s\/gs squares 
to the identity, and so it is the same as its inverse. 

The tensions of the magnetically-charged 5-branes that are dual to these 
strings can be compared in similar fashion. This is guaranteed to work by 
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what has already been said, but let’s check it anyway. In the type I theory 
1 


Tps = ——= 8.94 
D5 gs(2m)208 , ( ) 
and in the heterotic theory 
1 
Tugs = ——. 8.95 
s= Gana A 


Once again, these map into one another in the required fashion. 


The fundamental type I string 


Having seen that the SO(32) heterotic string can be identified with the type 
I D-string, one might wonder whether one can also identify a counterpart 
for the fundamental type I string in the SO(32) heterotic theory. To answer 
this it is important to understand the essential difference between the two 
types of strings. The type I F-string does not carry a conserved charge, and 
it is not supersymmetric. The two-form B2, which is the field that couples 
to a fundamental type IIB string, is removed from the spectrum by the 
orientifold projection. There are two ways of thinking about the reason that 
a type I F-string can break, both of which are correct. One is that there 
are space-time-filling D9-branes, and fundamental strings can break on D- 
branes. The other one is that since it does not carry a conserved charge, 
and it is not supersymmetric, there is no conservation law that prevents it 
from breaking. The amplitude for breaking a type I string is proportional 
to \/gs, so these strings can be long-lived for sufficiently small coupling 
constant. This is good enough for making them the fundamental objects 
on which to base a perturbation expansion. However, if the type I coupling 
constant is large, the type I F-strings are no longer a useful concept, since 
they disintegrate as shown in Fig. 8.1. Accordingly, there is no trace of them 
in the weakly-coupled heterotic description. 


Fig. 8.1. The fundamental type I string disintegrates at strong coupling. 
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Type IIB S-duality 


Type IIB supergravity has a global SL(2, R) symmetry that was described 
earlier. However this symmetry of the low-energy effective action is not 
shared by the full type IIB superstring theory. Indeed, it is broken by 
a variety of stringy and quantum effects to the infinite discrete subgroup 
SL(2,Z). One way of seeing this is to think about stable strings in this 
theory. Since there are two two-form gauge fields B2 (NS-NS two-form) and 
C2 (R-R two-form) there are two types of charge that a string can carry. 
The F-string (or fundamental string) has charge (1,0), which means that it 
has one unit of the charge that couples to B2 and none of the charge that 
couples to C2. In similar fashion, the D-string couples to C2 and has charge 
(0,1). Since the two-forms form a doublet of SL(2, R) it follows that these 
strings also transform as a doublet. In general, they transform into (p,q) 
strings, which carry both kinds of charge. The restriction to the SL(2, Z) 
subgroup is essential to ensure that these charges are integers, as is required 
by the Dirac quantization conditions. 


Symmetry under gs > 1/9s 
Recall that in type IIB supergravity the complex field 


T = Co + ie”? (8.96) 


transforms nonlinearly under SL(2, R) transformations. This remains true 
in the full string theory, but only for the discrete subgroup SL(2,Z). In 
particular, the transformation tT — —1/7, evaluated at Co = 0, changes the 
sign of the dilaton, which implies that the string coupling constant maps 
to its inverse. This is an S-duality transformation like the one that relates 
the type I superstring and SO(32) heterotic string theories. In this case it 
relates the type IIB superstring theory to itself. Moreover, it is only one 
element of the infinite duality group SL(2,Z). This duality group bears a 
striking resemblance to that of the M = 4 SYM theory discussed at the 
beginning of this section. In Chapter 12 it is shown that this is not an 
accident. 


(p,q) strings 


The (p,q) strings are all on an equal footing, so they are all supersymmetric, 
in particular. This implies that each of their tensions saturates a BPS bound 
given by supersymmetry, and this uniquely determines what their tensions 
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are. In the string frame, the result turns out to be 








O)? æ 

T(p,q) = |p — qta|Tri = Tri (r - se) + ee (8.97) 

where we have defined the vev 

Oo 1 
= SR ao 8.98 
TB = (T) 5 + 7 ( ) 
and 
1 

Tri = T(1,0) = Onl’ (8.99) 


This result can be derived by constructing the (p,q) strings as solitonic 
solutions of the type IIB supergravity field equations. The fact that these 
equations are only approximations to the superstring equations doesn’t mat- 
ter for getting the tension right, since it is a consequence of supersymmetry. 
Later, we confirm this tension formula by deriving it from a duality that 
relates the type IIB theory to M-theory. 

Note that the F-string tension formula is valid for all values of 09, but the 
usual D-string tension formula 


Tri 


S 





Tp: = To.) = (8.100) 
is only valid for 69 = 0. Note also that a (p,q) string with 09 = 2r is 
equivalent to a (p — q, q) string with ĝo = 0. 

These (p,q) string tensions satisfy a triangle inequality 


Tp, +p2,q1+42) < T(p1,41) T Tipsa (8.101) 


and equality requires that the vectors (p1, q1) and (p2, q2) are parallel. One 
way of stating the conclusion is that a (p,q) string can be regarded as a 
bound state of p F-strings and q D-strings. It has lower tension than any 
other configuration with the same charges if and only if p and q are coprime. 
If there is a common divisor, there exists a multiple-string configuration with 
the same charges and tension. 


Other BPS states 
Let us briefly consider the SL(2, Z) properties of the other BPS type IIB 


branes: 


e The D3-brane carries a charge that couples to the SL(2, Z) singlet field 
C4. Therefore, it transforms as an SL(2, Z) singlet, as well. This fact has 
the interesting consequence that any (p,q) string can end on a D3-brane, 
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since an SL(2, Z) transformation that turns an F-string into a (p, q) string 
leaves the D3-brane invariant. 

e There exist stable supersymmetric (p, q) 5-branes, which are the magnetic 
duals of (p, q) strings. Their SL(2, Z) properties are quite similar to those 
of the (p,q) strings. 

e The D7-brane couples magnetically to Co. This field transforms in a 
rather complicated way under SL(2, Z), so it is not immediately obvious 
how to classify 7-branes. Although this issue won’t be pursued here, the 
classification is important, because certain nonperturbative vacua of type 
IIB superstring theory (described by F-theory) contain various 7-branes. 
This is addressed later. 


The definition of a D-brane as a p-brane on which an F-string can end 
has to be interpreted carefully for p = 1. A naive interpretation of “a 
fundamental string ending on a D-string” would suggest a junction of three 
string segments, one of which is (1,0) and two of which are (0,1). This 
is not correct, however, because the charge on the end of the fundamental 
string results in flux that must go into one or the other of the attached 
string segments, changing the string charge in the process. In short, the 
three-string junction must satisfy charge conservation. This means that an 
allowed junction of three strings with charges (p®, q®) with 7 = 1,2,3 has 


Sop) = og =0. (8.102) 


Mathematically, this is just like momentum conservation at a vertex in a 


to satisfy 


Feynman diagram (in two dimensions). The junction configuration is stable 
if the angles are chosen so that the three tensions, treated as vectors, add 
to zero. It is possible to build complex string webs using such junctions. 


8.3 M-theory 


The term M-theory was introduced by Witten to refer to the “mysterious” 
or “magical” quantum theory in 11 dimensions whose leading low-energy 
effective action is 11-dimensional supergravity. M-theory is not yet fully 
formulated, but the evidence for its existence is very compelling. It is as 
fundamental (but not more) as type IIB superstring theory, for example. 
In fact, the latter is somewhat better understood precisely because it is a 
string theory and therefore admits a well-defined perturbation expansion. 
This section describes a duality that relates M-theory compactified on a 
torus to type IIB superstring theory compactified on a circle. Since this 
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duality requires a particular geometric set-up, it only allows solutions (or 
quantum vacua) of one theory to be recast in terms of the other theory for 
appropriate classes of geometries. 

The description of M-theory in terms of an effective action is clearly not 
fundamental, so string theorists are searching for alternative formulations. 
One proposal for an exact nonperturbative formulation of M-theory, known 
as Matrix theory, is discussed in Chapter 12. It is not the whole story, 
however, since it is only applicable for a limited class of background geome- 
tries. A more general approach, called AdS/CFT duality, also is discussed 
in Chapter 12. 


Type IITA superstring theory at strong coupling 


The low-energy limit of type ILA superstring theory is type IIA supergravity, 
and this supergravity theory can be obtained by dimensional reduction of 
11-dimensional supergravity, as has already been discussed. However, the 
correspondence between type IIA superstring theory and M-theory is much 
deeper than that. So let us take a closer look at the strong-coupling limit 
of the type IIA superstring theory. 


D0-branes 


Type IIA superstring theory has stable nonperturbative excitations, the D0- 
branes, whose mass in the string frame is given by (¢sgs)~!. The claim is that 
this can be interpreted from the viewpoint of M-theory compactified on a 
circle as the first Kaluza—Klein excitation of the massless supergravity mul- 
tiplet. The entire 256-dimensional supermultiplet is sometimes referred to 
as the supergraviton. To examine this claim, let us consider 11-dimensional 
supergravity (or M-theory) compactified on a circle. The mass of the super- 
graviton in 11 dimensions is zero 


In ten dimensions this takes the form 


The momentum on the circle in the eleventh direction is quantized, pj, = 
N/R 1, and therefore the spectrum of ten-dimensional masses is 


(My)? =(N/Ru)? with NeZ (8.105) 


representing a tower of Kaluza—Klein excitations. These states also form 
short (256-dimensional) supersymmetry multiplets, so that they are all BPS 
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states, and carry N units of a conserved U(1) charge. For N = 1 the 
correspondence with the DO-brane requires that 


Riu = £508, (8.106) 


in agreement with the result presented in Section 8.1. The D0-branes are 
nonperturbative excitations of the type IIA theory, since their tensions di- 
verge as gs — 0. Therefore, this correspondence provides a test of the duality 
between the type IIA theory and 11-dimensional M-theory that goes beyond 
the perturbative regime. 

Since Ri, = &gs, the radius of the compactification is proportional to 
the string coupling constant. This means that the perturbative regime of 
the type IIA superstring theory in which gs — 0 corresponds to the limit 
Ry, — 0. Conversely, the strong-coupling limit, that is, the limit gs — ov, 
corresponds to decompactification of the circular eleventh dimension giving 
a theory in which all ten spatial dimensions are on an equal footing. The 
11-dimensional theory obtained in this way is M-theory, and the low-energy 
limit of M-theory is 11-dimensional supergravity. 

Turning the argument around, this is powerful evidence in support of 
a nontrivial result concerning the existence of bound states of D0-branes. 
The Nth Kaluza—Klein excitation gives a multiplet of stable particles in ten 
dimensions that have N units of charge. Therefore, they can be regarded 
as bound states of N D0-branes. However, these are a very special type of 
bound state, one that has zero binding energy. There is no room for any 
binding energy, since these states saturate a BPS bound, which means they 
are as light as they are allowed to be for a state with N units of D0-brane 
charge. It also means that the mass formula in Eq. (8.105) is exact for all 
values of gs. As discussed earlier, the only way in which the BPS mass 
formula could be violated would be for the short supermultiplet to turn 
into a long supermultiplet. However, the degrees of freedom that would be 
needed for this to happen are not present in this case. 

Bound states with zero binding energy are called threshold bound states, 
and the question of whether or not they are stable is a very delicate matter. 
From the Kaluza—Klein viewpoint it is clear that they should be stable, but 
from the point of view of the dynamics of D0-branes in the type IIA theory, 
it is not at all obvious. In fact, the proof is highly technical involving an 
index theorem for a family of non-Fredholm operators. Moreover, the result 
is specific to this particular problem. There are other instances in which 
coincident BPS states do not form threshold bound states. An example 
that we already encountered concerns the type IIB (p,q) strings. These 
strings are only stable bound states if p and q are coprime. 
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M-branes 


The BPS branes of M-theory are the M2-brane and the M5-brane. M-theory 
on R!! does not contain any strings. This raises the following question: 
What happens to the type IIA fundamental string for large coupling, when 
the theory turns into M-theory? The only plausible guess is that the type 
IIA F-string is actually an M2-brane with a circular dimension wrapping 
the circular eleventh dimension. Since tension is energy density, this identi- 
fication requires that 


Try = 27 Rii Tmo. (8.107) 
This relation is satisfied by the tensions 
1 20 
Tr = =z d TMm = = 8.108 
1/3 


as can be verified using R11 = ¢sgs and lp = gsls. All of these relations 
were presented earlier, and the proposal presented here confirms that they 
are correct. Various other branes can be matched in a similar manner. For 
example, the D4-brane is identified to be an M5-brane with one dimension 
wrapped on the spatial circle. 

Another interesting fact can be deduced by considering the M-theory ori- 
gin of a type IIA configuration in which an F-string ends on a D4-brane. 
In view of the above, this clearly corresponds to an M2-brane ending on 
an M5-brane, where each of the M-branes is wrapped around the circular 
dimension. One reason that a type HA F-string can end on a D-brane is 
that the flux associated with the charge at the end of the string is carried 
away by the one-form gauge field of the D-brane world-volume theory. That 
being the case, one can ask what is the corresponding mechanism for M- 
branes. The end of the M2-brane is a string inside the M5-brane. So the 
world-volume theory of the M5-brane must contain a two-form gauge field 
Ag to carry away the associated flux. That is indeed the case. In fact, 
the corresponding field strength F3 is self-dual, just like the five-form field 
strength in type IIB supergravity. 


The D6-brane 


The preceding discussion explained the M-theory origin of the type HA Dp- 
branes for p = 0,2,4 in terms of wrapped or unwrapped M-branes. This 
raises the question of how one should understand the D6-brane from an 
M-theory point of view. Clearly, unlike the other D-branes, it cannot be 
related to the M2-brane or the M5-brane in any simple way. The key to 
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answering this question is to recall that the D6-brane is the magnetic dual 
of the D0-brane and that the DO-brane is interpreted as a Kaluza—Klein 
excitation along the zt! circle. The D0-brane carries electric charge with 
respect to the U(1) gauge field C, = g,11. Therefore, the D6-brane should 
couple magnetically to this same gauge field. 

This problem was solved long ago for the case of pure gravity in five di- 
mensions compactified on a circle. In this case, the challenge is to construct 
the five-dimensional metric that describes the Kaluza—Klein monopole, that 
is, a magnetically charged soliton in four dimensions. By tensoring this so- 
lution with RË, exactly the same construction applies to the 11-dimensional 
problem. The extra six flat dimensions constitute the spatial directions of 
the D6-brane world volume. 

The relevant five-dimensional geometry that is Ricci-flat and nonsingular 
in five dimensions is given by 


ds? Sg ads (8.109) 
where the Taub-NUT metric is 
1 


r 2 
V (dy + Rsin?(0/2) dd). (8.110) 


dsty = V(r) (dr? + r7dQ3) + 


Here dQ3 = d0? + sin? 6d¢? is the metric of a round unit two-sphere, and 


R 
=1+—. 111 
Very=1t 5 (8.111) 
Also, the magnetic field is given by 
B=-VV=VxA_ with A y= Rsin?(6/2), (8.112) 


where we have displayed only the nonvanishing component of the vector 
potential. The Taub-NUT metric is nonsingular at r = 0 if the coordinate 
y has period 27R. Thus the actual radius of the circle is 


R(r) = V(r) 1R, (8.113) 


which approaches R for r — oo and zero as r — 0. 

The mass of the soliton described by the Taub—NUT metric can be com- 
puted by integrating the energy density Too. For the purpose of understand- 
ing the tension of the D6-brane, we can add six more flat dimensions and 
obtain 





27R 
Tps = 37V2V. 8.114 
DE 16rG11 fa ay ( ) 
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Since the integral gives 27R, 


(2r R)? 2r R 2T 
De 16rG11 16r G10 (27Ls) gs ( ) 





where we have used R = gsfs. This agrees with the value obtained in 
Chapter 6. 

There is a simple generalization of the above, the multi-center Taub-NUT 
metric, that describes a system of N parallel D6-branes. The metric in this 
case is 


= 2 
(dy + 4a) (8.116) 
where 
RŠ 1ı 
B=-VV=Vx and = V(#) =1+ PAETA (8.117) 


Since this system is BPS, the tension and magnetic charge are just N times 
the single D6-brane values. 

A similar construction applies to other string theories compactified on 
circles. Indeed, the type IIB superstring theory compactified on a circle 
contains a Kaluza-Klein 5-brane, constructed in the same way as the D6- 
brane, which is the magnetic dual of the Kaluza-Klein 0-brane. A T-duality 
transformation along the circular dimension transforms the type IIB theory 
into the type IIA theory compactified on the dual circle. The Kaluza—Klein 
0-brane is dual to a fundamental type IIA string wound on the dual circle. 
Therefore, the Kaluza—Klein 5-brane must map to the magnetic dual of the 
fundamental IIA string, which is the type ITA NS5-brane. 


Eg x Eg heterotic string theory at strong coupling 


Let us briefly review the Hofava—Witten picture of the strongly coupled 
Eg x Eg heterotic string theory. One starts with the strongly coupled type 
IIA superstring theory, or equivalently M-theory on R®! x St, and mods 
out by a certain Zə symmetry, much like one does in deriving the type I 
superstring theory from the type IIB superstring theory. The appropriate 
Zə symmetry in this case includes the following reversals: 


xr!! > —r!! and A3 > —A3. (8.118) 


In particular, modding out by this Z2 action implies that the zero mode of 
the Fourier expansion of A,,, in the x" direction is eliminated from the 
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spectrum, while the zero mode of 
Bw TE Amii (8.119) 


survives. This is required, of course, to account for the fact that N = 1 
supergravity in ten dimensions contains a massless two-form but no massless 
three-form. The heterotic string coupling constant gs is given by 


gs = Rii/és, (8.120) 


just as in the case of the type IIA theory. 

The space S'/Z can be regarded as a line segment from x!! = 0 to 
x!! = Ri. The two end points are the fixed points of the orbifold. Their 
presence leads to an interesting physical picture: the 11-dimensional space- 
time can be viewed as a slab of thickness 7R,,;. The two ten-dimensional 
boundaries are the orbifold singularities where the super Yang-Mills fields 
are localized. The two boundaries are sometimes called end-of-the-world 
9-branes. Each of them carries the gauge fields for an Eg group. This is a 
very intuitive way of understanding why this theory has a gauge group that 
is a product of two identical factors. The fact that the boundaries carry 
Eg gauge supermultiplets is required for anomaly cancellation. There are 
no anomalies in odd dimensions, except at a boundary. In this case the 
boundary anomaly cancels only for the gauge group Eg. No other choice 
works, as was explained in Chapter 5. 

There is an alternative route by which one can deduce that M-theory com- 
pactified on S/Z is dual to the Eg x Eg heterotic string in ten dimensions. 
It uses the following sequence of dualities that have been introduced previ- 
ously: (1) T-duality between the Eg x Ex heterotic string and the SO(32) 
heterotic string; (2) S-duality between the SO(32) heterotic string and the 
type I superstring; (3) T-duality between the type I superstring and the 
type I’ superstring; (4) identification of the type I’ superstring as a type IIA 
orientifold; (5) duality between the type IIA superstring and M-theory on a 
circle. Quantitative details of this construction are described in Exercise 8.6. 

M2-branes, with the topology of a cylinder, are allowed to terminate on 
a boundary of the space-time, so that the boundary of the M2-brane is a 
closed loop inside the end-of-the-world 9-brane. In this picture, an Eg x Eg 
heterotic string is a cylindrical M2-brane suspended between the two space- 
time boundaries, with one Eg associated with each boundary. This cylinder 
is well approximated by a string living in ten dimensions when the separation 
mR, is small, as indicated in Fig. 8.2. Since perturbation theory in gs is an 
expansion about Ri, = 0, the fact that there really are 11 dimensions and 
that the string is actually a membrane is invisible in that approach. The 
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tension of the heterotic string is therefore 
Ta = 2r Ri Tuo = (2r). (8.121) 


All of these statements are straightforward counterparts of statements con- 
cerning the strongly coupled type IIA superstring theory. 

There are two possible strong coupling limits of the Eg x Eg heterotic 
string theory. One possibility is a limit in which both boundaries go to 
infinity, so that one ends up with an R! space-time geometry. This is the 
same limit as one obtains by starting with type IIA superstring theory and 
letting Rj, — oo. The strongly coupled Eg x Eg heterotic string and the type 
IIA superstring theory are identical in the 11-dimensional bulk. The only 
thing that distinguishes them is the existence of boundaries in the former 
case. The second possibility is to hold one boundary fixed as Ri, — oo. 
This limit leads to a semi-infinite eleventh dimension. Since there is just 
one boundary in this limit, there is just one Eg gauge group. This limit has 
received very little attention in the literature. It is also possible to consider 
11-dimensional geometries with more than two boundaries, and therefore 
more than two Eg groups. 

In studies of possible phenomenological applications of the strongly cou- 
pled Eg x Eg heterotic string, a subject sometimes called heterotic M-theory, 
one considers compactification of six more spatial dimensions (usually on 
a Calabi-Yau space). An interesting possibility that does not arise in 





—Ax" = mR 








Fig. 8.2. A cylindrical M2-brane suspended between two end-of-the-world 9-branes 
is approximated by an Eg x Eg heterotic string as Ry, > 0. 
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the weakly coupled ten-dimensional description is that moduli of this six- 
dimensional space, as well as other moduli (such as the vev of the dilaton), 
can vary along the length of the compact eleventh dimension. Thus, for 
example, one Eg theory can be more strongly coupled than the other one. 
This is explored further in Chapter 10. 





EXERCISES 





EXERCISE 8.5 
Use T-duality to deduce the tension of the type IIB Kaluza—Klein 5-brane. 


SOLUTION 
The type IIB KK5-brane is T-dual to the NS5-brane in the type IIA theory. 
In the type IIA theory one can form the dimensionless combination 


Tnss _ 1 
Tès Die 





Since this is a dimensionless number, it is preserved under T-duality ir- 
respective of the coordinate frame used to measure distances. Under the 
T-duality 


TNs5 > TKK5 and Tp2 -7 2r RgTp3. 


Therefore, in the type IIB string frame 
Ro 


2 Tps)? Sa 
OnRotbs) = Fen) B 


1 
Tks = 5 (8.122) 


T 


It is an interesting fact that this is proportional to the square of the radius. 














EXERCISE 8.6 
Show that the duality between M-theory on S1/Zo and the Eg x Eg heterotic 
string is a consequence of previously discussed dualities. 


SOLUTION 


Consider the Eg x Eg heterotic string with string coupling gs and x° coor- 
dinate compactified on a circle of radius Rg. This is T-dual to the SO(32) 
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heterotic string on a circle of radius 
2 
9 = bs / Ro 
and coupling 
g = lsgs/ Ro. 
As discussed in Chapter 7, Wilson lines need to be turned on to give the 


desired Eg x Eg gauge symmetry. Applying an S-duality transformation 
then gives the type I string with 


M 1 = Ro 
5 g; £595 





and 
R3 = Ry gli = R/V Gh = (6)? / Rose. 


Another T-duality then gives the type I’ theory with 
o = ÈI 9 = WV Rog ls9s 
and 
gs” = Logs / Rg = (Ro/bs)*? ga". 


In the bulk this is the type IIA theory, so we can use the type IIA/M-theory 
duality to introduce Ry = g4, and & = (gi’)'/34,. A little algebra then 
gives the relations 


9 /Lp = (gs)°/8 


and 
R2 
Ry, = —. 
11 Re 
Now we can decompactify Rg — oo at fixed Rg’ and p. Note that Ry; — oo 
at the same time. On the one hand, this gives the ten-dimensional Eg x Eg 
heterotic string, with coupling constant gs, while on the other hand it gives 
a dual M-theory description with a compact eleventh dimension that is an 


interval of length 7 Ry satisfying the expected relation RQ! = (gs)?/34p. O 





8.4 M-theory dualities 


The previous section showed that the strongly coupled type IIA superstring 
and the strongly coupled Eg x Eg heterotic string have a simple M-theory 
interpretation. There are additional dualities involving M-theory that relate 
it to the other superstring theories as well as to itself. 
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An M-theory/type IIB superstring duality 


M-theory compactified on a circle gives the type IIA superstring theory, 
while type IIA superstring theory on a circle corresponds to type IIB super- 
string theory on a dual circle. Putting these two facts together it follows 
that there should be a duality between M-theory on a two-torus T? and type 
IIB superstring theory on a circle S'. The M-theory torus is characterized 
by an area Am and a modulus 74, while the IIB circle has radius Rp. Let 
us explore this duality directly without reference to the type IIA theory. 
Specifically, the plan is to compare various BPS states and branes in nine 
dimensions. 

Since all of the (p,q) strings in type IIB superstring theory are related 
by SL(2, Z) transformations,!* they are all equivalent, and any one of them 
can be weakly coupled. However, when one is weakly coupled, all of the 
others are necessarily strongly coupled. Let us consider an arbitrary (p,q) 
string and write down the spectrum of its nine-dimensional excitations in 
the limit of weak coupling using the standard string theory formulas given 
in Chapter 6: 


KN? 
M2 = (+) + (QnRBWT pq)” + 40 T (p,q) (NL + Np). (8.123) 
As before, K is the Kaluza—Klein excitation number and W is the string 
winding number. Ny, and Np are excitation numbers of left-moving and 
right-moving oscillator modes, and the level-matching condition is 


Na — Ni = KW. (8.124) 


The plan is to use the formula above for all the (p,q) strings simultane- 
ously. However, the formula is completely meaningless at strong coupling, 
and at most one of the strings is weakly coupled. The appropriate trick in 
this case is to consider only BPS states, that is, ones belonging to short 
supersymmetry multiplets, since their mass formulas can be reliably extrap- 
olated to strong coupling. They are easy to identify, being given by either 
Ny = 0 or Ng = 0. (Ones with Ng = NR = 0 are ultrashort.) In this way, 
one obtains exact mass formulas for a very large part of the spectrum — much 
more than appears in any perturbative limit. Of course, the appearance of 
this rich spectrum of BPS states depends crucially on the compactification. 

There is a unique correspondence between the three integers W, p, q, where 
p and q are coprime, and an arbitrary pair of integers n1,n9 given by 
(n1,n2) = (Wp,Wq). The integer W is the greatest common divisor of nı 


12 It is assumed here that p and q are coprime. 
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and ng. The only ambiguity is whether to choose W or —W, but since W 
is the (oriented) winding number and the (—p, —q) string is the orientation- 
reversed (p,q) string, the two choices are actually equivalent. Thus BPS 
states are characterized by three integers Kn 1,2 and oscillator excitations 
corresponding to Ny = |W, tensored with a 16-dimensional short mul- 
tiplet from the Ng = 0 sector (or vice versa). Note that the combination 
|W|T(>q), Which appears in Eq. (8.123), can be rewritten using Eq. (8.97) 
in the form 


|W [Tq = [n1 — nore |Tr1. (8.125) 


Let us now consider M-theory compactified on a torus. If the two periods 
in the complex plane, which define the torus, are 27. Ry, and 27 R417, then 


Am = (27Ri1)*Im mm (8.126) 


is the area of the torus. In terms of coordinates z = x + iy on the torus, a 
single-valued wave function has the form 








naRE Ta = Ma | } (8.127) 


a 
~ ex NIT 
Waina p { Rij | 2 Tm: TM 


These characterize Kaluza—Klein excitations. The contribution to the mass- 
squared is given by the eigenvalue of — 02 — o2, 


2 
Mx = 





il | 2 ekeur] [n = nm]? 


nó 4 = ] 8.128 
R? 2 (Im my)? (Ri Im 7)? ( ) 


Clearly, this term has the right structure to match the type IIB string 
winding-mode terms, described above, for the identification 


TM = TB. (8.129) 


The normalization of Mk and the winding-mode contribution to MÈ is not 
the same, but that is because they are measured in different metrics. The 
matching tells us how to relate the two metrics, a formula to be presented 
soon. 

The identification in Eq. (8.129) is a pleasant surprise, because it implies 
that the nonperturbative SL(2, Z) symmetry of type IIB superstring theory, 
after compactification on a circle, has a dual M-theory interpretation as the 
modular group of a toroidal compactification! Modular transformations of 
the torus are certainly symmetries, since they correspond to the disconnected 
components of the diffeomorphism group. Once the symmetry is established 
for finite Rp, it should also persist in the decompactification limit Rp —> oo. 

To go further requires an M-theory counterpart of the term (K/Rg)* in 
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the type IIB superstring mass formula (8.123). Here there is also a natural 
candidate: wrapping M-theory M2-branes so as to cover the torus K times. 
If the M2-brane tension is Typ, this gives a contribution (AmTm2K)? to the 
mass-squared. Matching the normalization of this term and the Kaluza-— 
Klein term gives two relations. One learns that the metrics in nine dimen- 
sions are related by 


gia Bg) (8.130) 
where 
B? = on Rute (8.131) 
Tri 


and that the compactification volumes are related by 


Ay \3? 
Im Tm ` 


g 
Tp R2 





= Tyo(27 R11)? = Ture ( (8.132) 


Since all the other factors are constants, this gives (for fixed Tg = Tm) the 
-3/4 
scaling law Rg ~ Ay . 

There still are the oscillator excitations of the type IIB superstring BPS 
mass formula to account for. Their M-theory counterparts must be exci- 
tations of the wrapped M2-brane. Unfortunately, the quantization of the 
M2-brane is not understood well enough to check this, though this must 


surely be possible. 


Matching BPS brane tensions in nine dimensions 


We can carry out additional tests of the proposed duality, and learn inter- 
esting new relations at the same time, by matching BPS p-branes with p > 0 
in nine dimensions. Only some of the simpler cases are described here. Let 
us start with strings in nine dimensions. Trivial reduction of the type IIB 
strings, that is, not wrapped on the circular dimension gives strings with the 
same charges (p,q) and tensions Tip) in nine dimensions. The interesting 
question is how these should be interpreted in M-theory. The way to answer 
this is to start with an M2-brane of toroidal topology in M-theory and to 
wrap one of its cycles on a (p,q) homology cycle of the spatial torus. The 


minimal length of such a cycle ist 


Lipa) = 27 Rulp — gml. (8.133) 


13 This is understood most easily by considering the covering space of the torus, which is the 
plane tiled by parallelograms. A closed geodesic curve on the torus is represented by a straight 
line between equivalent points in the covering space, as shown in Fig. 8.3. 
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Thus, this wrapping gives a string in nine dimensions, whose tension is 
(1) _ 
Toa = Lipa Twa. (8.134) 
The superscript 11 emphasizes that this is measured in the 11-dimensional 


metric. To compare with the type IIB string tensions, we use Eqs (8.130) 
and (8.131) to deduce that 


—2m(11 
Ta E a (8.135) 
This agrees with the result given earlier, showing that this is a correct in- 


terpretation. 


Fig. 8.3. In the covering space of the torus, which is the plane tiled by parallelo- 
grams, a closed geodesic curve on the torus is represented by a straight line between 
equivalent points. 


To match 2-branes in nine dimensions requires wrapping the type IIB 
D3-brane on the circle and comparing to the unwrapped M2-brane. The 
wrapped D3-brane gives a 2-brane with tension 2r RgTp3. Including the 
metric conversion factor, the matching gives 


Tz = 2r RpB?Tp3. (8.136) 
Combining this with Eqs (8.131) and (8.132) gives the identity 
(Tri)? 
Tp3 = ——— 8.137 
D3 Tg; ’ ( ) 


in agreement with the tension formulas in Chapter 6. It is remarkable that 
the M-theory/type IIB superstring theory duality not only relates M-theory 
tensions to type IIB superstring theory tensions, but it even implies a rela- 
tion involving only type IIB tensions. 

Wrapping the M5-brane on the spatial torus gives a 3-brane in nine di- 
mensions, which can be identified with the unwrapped type IIB D3-brane 
in nine dimensions. This gives 


Tms Am = 6*Tps, (8.138) 
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which combined with Eqs (8.131) and (8.137) implies that 
1 
Tus = —(Tm2)?. 8.139 
M5 Ba M2) ( ) 


This corresponds to satisfying the Dirac quantization condition with the 
minimum allowed product of charges. It also provides a check of the tensions 
in (8.22). 


An M-theory/SO(32) superstring duality 


There is a duality that is closely related to the one just considered that 
relates M-theory compactified on (S1/Z2) x S! to the SO(32) theory com- 
pactified on St. Because of the similarity of the two problems, fewer details 
are provided this time. 


M-theory on a cylinder SO(32) on a circle 





r 
t 





Fig. 8.4. Duality between M-theory on a cylinder and SO(32) on a circle. 


Since S'/Zy can be regarded as a line interval I, (S1/Z2) x S' can be re- 
garded as a cylinder. Let us choose its height to be Lı and its circumference 
to be Lz = 27 Rg. The circumference of the circle on which the dual SO(32) 
theory is compactified is Lo = 27Ro as measured in the ten-dimensional 
Einstein metric. This is illustrated in Fig. 8.4. 

The SO(32) theory in ten dimensions has both a type I and a heterotic 
description, which are S dual. As before, the duality can be explored by 
matching supersymmetry-preserving (BPS) branes in nine dimensions. Re- 
call that in the SO(32) theory, there is just one two-form field, and the 
p-branes that couple to it are the SO(32) heterotic string and its magnetic 
dual, which is a solitonic 5-brane. (From the type I viewpoint, both of these 
are D-branes.) The heterotic string can give a 0-brane or a 1-brane in nine 
dimensions, and the dual 5-brane can give a 5-brane or a 4-brane in nine 
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dimensions. In each case, the issue is simply whether or not one cycle of the 
brane wraps around the spatial circle. 

Now let us find the corresponding nine-dimensional p-branes from the M- 
theory viewpoint and explore what can be learned from matching tensions. 
The Eg x Eg string arises in ten dimensions from wrapping the M2-brane 
on I. Subsequent reduction on a circle can give a 0-brane or a 1-brane. The 
story for the M5-brane is just the reverse. Whereas the M2-brane must wrap 
the J dimension, the M5-brane must not do so. As a result, it gives a 5-brane 
or a 4-brane in nine dimensions according to whether or not it wraps around 
the St dimension. So, altogether, both pictures give the electric-magnetic 
dual pairs (0,5) and (1,4) in nine dimensions. 

From the p-brane matching one learns that the SO(32) heterotic string 
coupling constant is 

gH) = (8.140) 

2 

Thus, the SO(32) heterotic string is weakly coupled when the spatial cylin- 
der of the M-theory compactification is a thin ribbon (Lı < Lə). This 
is consistent with the earlier conclusion that the Eg x Eg heterotic string 
is weakly coupled when Lı is small. Conversely, the type I superstring is 
weakly coupled for Lo < Lı, in which case the spatial cylinder is long and 
thin. The Zə transformation that inverts the modulus of the cylinder, L1/L2, 
corresponds to the type I/heterotic S duality of the SO(32) theory. Since it 
is not a symmetry of the cylinder it implies that two different-looking string 
theories are S dual. This is to be contrasted with the SL(2,Z) modular 
group symmetry of the torus, which accounts for the self-duality of the type 
IIB theory. 

The p-brane matching in nine dimensions also gives the relation 
a) 

, 


(8.141) 


Lı L2Ty2 = ( = 


which is the analog of Eq. (8.132). As in that case, it tells us that, for 
fixed modulus L;/L2, one has the scaling law Lo ~ Age where Ag = 
Lı Lə is the area of the cylinder. Equation (8.139) relating Tm2 and Tus is 
reobtained, and one also learns that 


(HO) 1 Ly\* (HO) 
= 3 
tS = Gap (2) Poy. (8.142) 





pio) 


In the heterotic string-frame metric, where is a constant, this implies 
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that 
Tee cn Gy? (8.143) 


as is typical of a soliton. In the type I string-frame metric, on the other 
hand, it implies that 


Tpi ~ 1/9 and Tps ~ 1/g®, (8.144) 


consistent with the fact that both are D-branes from the type I viewpoint. 


U-duality 
It is natural to seek type II counterparts of the O(n, n; Z) and O(16+n, n; Z) 
duality groups that were found in Chapter 7 for toroidal compactification 
of the bosonic and heterotic string theories, respectively. A clue is provided 
by the fact that the massless sector of type II superstring theories are max- 
imal supergravity theories (ones with 32 conserved supercharges), with a 
noncompact global symmetry group. 

In the case of type IIB supergravity in ten dimensions the noncompact 
global symmetry group is SL(2, R), as was shown earlier in this chapter. 
Toroidal compactification leads to theories with maximal supersymmetry in 
lower dimensions.!* So, for example, toroidal compactification of the type 
IIB theory to four dimensions and truncation to zero modes (dimensional 
reduction) leads to M = 8 supergravity. MN = 8 supergravity has a noncom- 
pact Ey symmetry. More generally, for d = 11—n, 3 < n < 8, one finds a 
maximally noncompact form of En, denoted En n. The maximally noncom- 
pact form of a Lie group of rank n has n more noncompact generators than 
compact generators. Thus, for example, Ey has 133 generators of which 
63 are compact and 70 are noncompact. A compact generator generates a 
circle, whereas a noncompact generator generates an infinite line. En are 
standard exceptional groups that appear in Cartan’s classification of simple 
Lie algebras for n = 6,7,8. The definition for n < 6 can be obtained by 
extrapolation of the Dynkin diagrams. This gives the identifications (listing 


the maximally noncompact forms)!° 


E55 = SO(5, 5), E44 = SL(5, R), £33 = SL(3, R) x SL(2, R). (8.145) 


These noncompact Lie groups describe global symmetries of the classical 
low-energy supergravity theories. However, as was discussed already for the 


14 Chapter 9 describes compactification spaces that (unlike tori) break some or all of the super- 
symmetries. 

15 The compact forms of the same sequence of exceptional groups was encountered in the study 
of type I’ superstrings in Chapter 6. 
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case of the E11 = SL(2, R) symmetry of type IIB superstring theory in ten 
dimensions, they are broken to infinite discrete symmetry groups by quan- 
tum and string-theoretic corrections. The correct statement for superstring 
theory/M-theory is that, for M-theory on RÊ x T” or (equivalently) type 
IIB superstring theory on R? x T”~!, the resulting moduli space is invariant 
under an infinite discrete U-duality group. The group, denoted E,,(Z), is a 
maximal discrete subgroup of the noncompact En,n symmetry group of the 
corresponding supergravity theory. 

The U-duality groups are generated by the Weyl subgroup of En n plus 
discrete shifts of axion-like fields. The subgroup SL(n,Z) C En(Z) can be 
understood as the geometric duality (modular group) of T” in the M-theory 
picture. In other words, they correspond to disconnected components of 
the diffeomorphism group. The subgroup SO(n — 1,n —1;Z) C E,(Z) is 
the T-duality group of type IIB superstring theory compactified on T”. 
These two subgroups intertwine nontrivially to generate the entire E,,(Z) 
U-duality group. For example, in the n = 3 case the duality group is 


E3(Z) = SL(3, Z) x SL(2, Z). (8.146) 
The SL(3,Z) factor is geometric from the M-theory viewpoint, and an 
SO(2, 2; Z) = SL(2,Z) x SL(2, Z) (8.147) 


subgroup is the type IIB T-duality group. Clearly, £3(Z) is the smallest 
group containing both of these. 

Toroidally compactified M-theory (or type II superstring theory) has a 
moduli space analogous to the Narain moduli space of the toroidally com- 
pactified heterotic string described in Chapter 7. Let Hn denote the maximal 
compact subgroup of En». For example, He = USp(8), H7 = SU(8) and 
Hg = Spin(16). Then one can define a homogeneous space 


M? = Enn/Hn. (8.148) 


This is directly relevant to the physics in that the scalar fields in the super- 
gravity theory are defined by a sigma model on this coset space. Note that 
all the coset generators are noncompact. It is essential that they all be the 
same so that the kinetic terms of the scalar fields all have the same sign. The 
number of scalar fields is the dimension of the coset space dn = dim M?. 
For example, in three, four and five dimensions the number of scalars is 


ds = dim Eg — dim Spin(16) = 248 — 120 = 128, (8.149) 


d4 = dim Ez — dim SU(8) = 133 — 63 = 70, (8.150) 
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ds = dim Eg — dim USp(8) = 78 — 36 = 42. (8.151) 


The discrete duality-group identifications must still be accounted for, and 
this gives the moduli space 


Mn = M? / En (Z). (8.152) 


A nongeometric duality of M-theory 


String theory possesses certain features, such as T-duality, that go beyond 
ones classical geometric intuition. This section shows that the same is true 
for M-theory by constructing an analogous duality transformation. There is 
a geometric understanding of the SL(n, Z) subgroup of En(Z) that comes 
from considering M-theory on R!” x T”, since it is the modular group 
of T”. But what does the rest of En(Z) imply? To address this question 
it suffices to consider the first nontrivial case to which it applies, which is 
n = 3. In this case the U-duality group is E3(Z) = SL(3,Z) x SL(2, Z). 
From the M-theory viewpoint the first factor is geometric and the second 
factor is not. So the question boils down to understanding the implication 
of the SL(2,Z) duality in the M-theory construction. Specifically, we want 
to understand the nontrivial 7 — —1/7 element of this group. 

To keep the story as simple as possible, let us choose the T? to be rectan- 
gular with radii R1, R2, R3, that is, gij ~ R? ôij, and assume that C123 = 0. 
Choosing Rg to correspond to the “eleventh” dimension makes contact with 
the type IIA theory on a torus with radii Ry and Rə. In this set-up, the 
stringy duality of M-theory corresponds to simultaneous T-duality transfor- 
mations of the type IIA theory for both of the circles. This T-duality gives 
a mapping to an equivalent point in the moduli space for which 
,_& _ 
ie ae om R3 Ri 


with @, unchanged. The derivation of this formula has used B = Rk, which 





i=1,2, (8.153) 


relates the 11-dimensional Planck scale 4, to the ten-dimensional string scale 
ls. Under a T-duality the string coupling constant also transforms. The rule 
is that the coupling of the effective theory, which is eight-dimensional in this 
case, is invariant: 








1 Rik RI R! 
5 = 4 a4’ 2 (8.154) 
9 g; (9) 
Thus 
(2 
gas (8.155) 
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What does this imply for the radius of the eleventh dimension R3? Using 
R3 = gsls p? R} = es; 








R! _ Ger. = p 


= = 8.1 
3 Ra. RiR 82198) 


However, the 11-dimensional Planck length also transforms, because 





D = gots > (&)° = 68 (8.157) 
implies that 
5 (6 
(C= dfs _ __ > (8.158) 


© RıRo Ry R2R3 


The perturbative type IIA description is only applicable for Rg < Ry, Ro. 
However, even though T-duality was originally discovered in perturbation 
theory, it is supposed to be an exact nonperturbative property. Therefore, 
this duality mapping should be valid as an exact symmetry of M-theory 
without any restriction on the radii. Another duality is an interchange 
of circles, such as R3 < R,. This corresponds to the nonperturbative S- 
duality of the type IIB superstring theory. Combining these dualities gives 
the desired stringy duality of M-theory on T?, namely 


G 

Rı > To Rz’ (8.159) 
and cyclic permutations, accompanied by 
3_,_ 0 

t= AT (8.160) 


This basic stringy duality of M-theory, combined with the geometric ones, 
generates the entire U-duality group in every dimension. It is a property 
of quantum M-theory that goes beyond what can be understood from the 
effective 11-dimensional supergravity theory, which is geometrical. 
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EXERCISE 8.7 
Verify Eqs (8.131) and (8.132). 
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SOLUTION 


Since the M-theory metric and the type IIB metric are related by 
go) = Brg), 

masses are related according to 
Mii = Mpg. 


Matching the mass of an M2-brane wrapped on the torus with a Kaluza— 
Klein excitation on the type IIB circle therefore gives 
AmTme = 2 : 
MİM2 = Rg 
Similarly, using Eq. (8.128) for the mass of a Kaluza-Klein excitation on 
the torus, and equating it to the mass of a wrapped type IIB string gives 
1 


——— = (2r RpTr). 
Raia B(27RpTp1) 


Multiplying these equations together, using Am = (27r R11)? Immy, gives 
2 RgAmIm2 _ 2n RuTm2 


— OrRpleRulmm Tr” 





which is Eq. (8.131). Taking the quotient of the same two equations, using 
gs = (Im7)~!, gives 

2 

Is 


= Tyo(27 R11)? 
R2T M2( T 1)"; 














which is Eq. (8.132). 





EXERCISE 8.8 

Identifying type IIB superstring theory compactified on a circle and M- 
theory compactified on a torus, match the tensions of the nine-dimensional 
4-branes. 


SOLUTION 


A (p,q) type IIB 5-brane wrapped on the circle is identified with an M5- 
brane wrapping a geodesic (p,q) cycle of the torus. Equating the resulting 
tensions gives 


2r Rgb Top.) = Lip, T™s, 


where L(pq) = 27Rii|p — qrm|. We can check that the resulting D5-brane 


p,q) 


350 M-theory and string duality 
tension in ten dimensions agrees with the result quoted in Chapter 6. Indeed, 
setting p = 1 and q = 0, we obtain 
Tps = =b TMs = = , 
Rp (27)?gs (277) Egs 


which is the Tps derived in Chapter 6. Therefore, 





Tp.) = |p =; q™m|Tps- 
In particular, the NS5-brane tension is obtained by setting q = 1 and p= 0 


Tyss = |T™|Tps. 





The standard result is obtained by setting TM = 7/gs. o 


EXERCISE 8.9 
Verify that the three groups (8.145) are maximally noncompact. 


SOLUTION 


The group SO(5,5) has dimension equal to 45, just like its compact form 
SO(10). Its maximal compact subgroup is SO(5) x SO(5), which has dimen- 
sion equal to 20. Thus, there are 25 noncompact generators and 20 compact 
generators. Since the rank of SO(5,5), which is five, agrees with 25 — 20, 
it is maximally noncompact. In the case of SL(5, R), which is a noncom- 
pact form of SU(5), the rank is four and the dimension is 24. The maximal 
compact subgroup is SO(5), which has dimension equal to ten. Thus there 
are 14 noncompact generators and ten compact generators, and once again 
the difference is equal to the rank. This reasoning generalizes to SL(n, R), 
which has (n — 1)(n + 2)/2 noncompact generators, (n — 1)n/2 compact 
generators and rank n — 1. The group SL(3,R) x SL(2, R) is maximally 
noncompact, because each of its factors is. 














EXERCISE 8.10 
Find a physical interpretation of Eqs (8.159) and (8.160). 


SOLUTION 


Equation (8.159) implies that 


i 
are (27 Ro)(2r R3)Tm2. 
Rı 


Thus it interchanges a Kaluza-Klein excitation of the first circle with an 
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M2-brane wrapped on the second and third circles. The circles can be 
permuted, so it follows that these six 0-brane excitations belong to the (3, 2) 
representation of the SL(3, Z) x SL(2,Z) U-duality group. 

Equation (8.160) implies that 


Tw => (2r R1)(27 R2) (2r R3)Tms. 


Therefore, it interchanges an unwrapped M2-brane with an M5-brane wrap- 
ped on the T3. Thus these two 2-branes (from the eight-dimensional view- 





point) belong to the (1,2) representation of the U-duality group. o 





HOMEWORK PROBLEMS 





PROBLEM 8.1 
Derive the bosonic equations of motion of 11-dimensional supergravity. 


PROBLEM 8.2 

Show that a particular solution of the bosonic equations of motion of 11- 
dimensional supergravity, called the Freund-Rubin solution, is given by a 
product space-time geometry AdS4 x S7 with 


F; = Mea, 


where €4 is the volume form on AdS4, and M is a free parameter with the 
dimensions of mass.'®© AdS4 denotes four-dimensional anti-de Sitter space, 
which is a maximally symmetric space of negative curvature, with Ricci 
tensor 


Ruw =—(M4}’ gw mv =0,1,2,3. 
The seven-sphere has Ricci tensor 

Rij = (Mz)? gij i,j = 4,5,...,10. 
What are the masses M4 and M7 in terms of the mass parameter M? 
PROBLEM 8.3 


Derive Eq. (8.69) and transform the bosonic part of the type IIA supergrav- 
ity action in ten dimensions from the string frame to the Einstein frame. 


16 Actually, in the quantum theory it has to be an integer multiple of a basic unit. 
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PROBLEM 8.4 

Derive the redefinitions of C1, C3, Fo and Fy that are required to display 
a factor of e~?® in the terms Sp and Scs of the type IIA action given in 
Eqs (8.41) and (8.42). 


PROBLEM 8.5 
Show that Scs in Eq.(8.42) is invariant under a U(1) gauge transformation 
even though it contains F4 rather than F4. 


PROBLEM 8.6 

Consider the type IIB bosonic supergravity action in ten dimensions given 
in Eq. (8.53). Setting Co = 0, perform the transformations ® — —® and 
Juv `> e7? Juv. What theory do you obtain, and what does the result imply? 
How should the transformations be generalized when Co 4 0? 


PROBLEM 8.7 
Verify that the actions in Eqs (8.73) and (8.81) map into one another under 
the transformations (8.88) and (8.89). 


PROBLEM 8.8 

Verify that the supersymmetry transformations of the fermi fields in the 
heterotic and type I theories map into one another to leading order in fermi 
fields under an S-duality transformation, if A and x are suitably rescaled. 


PROBLEM 8.9 
Consider the Euclidean Taub-NUT metric (8.110). Show that there is no 
singularity at r = 0 by showing that the metric takes the following form 
near the origin: 


2 
ds? = dp? + (ao? + do? + dy? — 2 cos 0 do dy) 


with Y ~ w+ 4r, and that this corresponds to a metric on flat four- 
dimensional Euclidean space. Hint: let Y = + 2y/R. 


PROBLEM 8.10 
Consider the ten-dimensional type IIA metric for a KK5-brane 


5 
ds = —dt? + Ss" dx? + dstn, 
i=1 


where dst, is given in Eqs (8.110) and (8.111). 
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(i) Use the rules presented in Section 6.4 to deduce the type IIB solution 
that results from a T-duality transformation in the y direction. 
(ii) What is the type IIB interpretation of the result? 
(iii) Verify that the tension of the type IIB solution supports this inter- 
pretation. 


PROBLEM 8.11 
In the presence of an M5-brane the 11-dimensional F4 satisfies the Bianchi 
identity 

dF, = ow, 


where dy is a delta function with support on the M5-brane world volume. 
How must the equation of motion of F4 be modified in order to be compatible 
with this Bianchi identity? What does this imply for the field content on 
the M5-brane world volume? Hint: Consult Exercise 5.10. 


PROBLEM 8.12 

Verify that a type IIA D2-brane is an unwrapped M2-brane by showing that 
Tp2 = Tm2. Do the same for the NS5-brane and the M5-brane. Verify that 
a wrapped M5-brane corresponds to a D4-brane. 


PROBLEM 8.13 
Verify Eqs (8.137) and (8.139). 


PROBLEM 8.14 
Verify that Eq. (8.139) implies that the Dirac quantization condition is sat- 


isfied if the M2- and M5-brane each carry one unit of charge and saturate 
the BPS bound. 


PROBLEM 8.15 
Derive Eqs (8.140), (8.141) and (8.142). 


9 
String geometry 


Since critical superstring theories are ten-dimensional and M-theory is 11- 
dimensional, something needs to be done to make contact with the four- 
dimensional space-time geometry of everyday experience. Two main ap- 
proaches are being pursued.! 


Kaluza—Klein compactification 


The approach with a much longer history is Kaluza—Klein compactification. 
In this approach the extra dimensions form a compact manifold of size le. 
Such dimensions are essentially invisible for observations carried out at en- 
ergy E «K 1/le. Nonetheless, the details of their topology have a profound 
influence on the spectrum and symmetries that are present at low energies 
in the effective four-dimensional theory. This chapter explores promising 
geometries for these extra dimensions. The main emphasis is on Calabi— Yau 
manifolds, but there is also some discussion of other manifolds of special 
holonomy. While compact Calabi-Yau manifolds are the most straight- 
forward possibility, modern developments in nonperturbative string theory 
have shown that noncompact Calabi-Yau manifolds are also important. An 
example of a noncompact Calabi-Yau manifold, specifically the conifold, is 
discussed in this chapter as well as in Chapter 10. 


Brane-world scenario 


A second way to deal with the extra dimensions is the brane-world scenario. 
In this approach the four dimensions of everyday experience are identified 
with a defect embedded in a higher-dimensional space-time. This defect 


1 Some mathematical background material is provided in an appendix at the end of this chapter. 
Readers not familiar with the basics of topology and geometry may wish to study it first. 
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is typically given by a collection of coincident or intersecting branes. The 
basic fact (discussed in Chapter 6) that makes this approach promising is the 
observation that Yang-Mills gauge fields, like those of the standard model, 
are associated with the zero modes of open strings, and therefore they reside 
on the world volume of D-branes. 

A variant of the Kaluza-Klein idea that is often used in brane-world sce- 
narios is based on the observation that the extra dimensions could be much 
larger than one might otherwise conclude if the geometry is warped in a 
suitable fashion. In a warped compactification the overall scale of the four- 
dimensional Minkowski space-time geometry depends on the coordinates of 
the compact dimensions. This chapter concentrates on the more traditional 
Kaluza-Klein approach, where the geometry is a product of an internal 
manifold and an external manifold. Warped geometries and their use for 
brane-world constructions are discussed in Chapter 10. 


Motivation 


The only manifolds describing extra dimensions that have been discussed 
so far in this book are a circle and products of circles (or tori). Also, a 
Zə orbifold of a circle has appeared a couple of times. If any of the five 
ten-dimensional superstring theories is compactified to four dimensions on a 
six-torus, then the resulting theory is very far from being phenomenologically 
acceptable, since no supersymmetry is broken. This means that there is V = 
4 or N = 8 supersymmetry in four dimensions, depending on which ten- 
dimensional theory is compactified. This chapter explores possibilities that 
are phenomenologically much more attractive, such as orbifolds, Calabi-Yau 
manifolds and exceptional-holonomy manifolds. Compactification on these 
spaces leads to vacua with less supersymmetry in four dimensions. 

In order to make contact with particle phenomenology, there are various 
properties of the D = 4 theory that one would like: 


e The Yang-Mills gauge group SU(3) x SU(2) x U(1), which is the gauge 
group of the standard model. 

e An interesting class of D = 4 supersymmetric extensions of the standard 
model have NV = 1 supersymmetry at high energy. This supersymmetry 
must be broken at some scale, which could be as low as a TeV, to make 
contact with the physics observed at low energies. MN = 1 supersymmetry 
imposes restrictions on the theory that make calculations easier. Yet these 
restrictions are not so strong as to make the theory unrealistic, as happens 
in models with VV > 2. 
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At sufficiently high energy, supersymmetry in ten or 11 dimensions 
should be manifest. The issue being considered here is whether at energies 
that are low compared to the compactification scale, where there is an 
effective four-dimensional theory, there should be M = 1 supersymmetry. 
One intriguing piece of evidence for this is that supersymmetry ensures 
that the three gauge couplings of the standard model unify at about 1016 
GeV suggesting supersymmetric grand unification at this energy. 


A technical advantage of supersymmetry, which appeared in the dis- 
cussion of dualities in Chapter 8, and is utilized in Chapter 11 in the 
context of black hole physics, is that supersymmetry often makes it possi- 
ble to extrapolate results from weak coupling to strong coupling, thereby 
providing information about strongly coupled theories. Supersymmetric 
theories are easier to solve than their nonsupersymmetric counterparts. 
The constraints imposed by supersymmetry lead to first-order equations, 
which are easier to solve than the second-order equations of motion. For 
the type of backgrounds considered here a solution to the supersymme- 
try constraints that satisfies the Bianchi identity for the three-form field 
strength is always a solution to the equations of motion, though the con- 
verse is not true. 


If the ten-dimensional heterotic string is compactified on an internal man- 
ifold M, one wants to know when this gives M = 1 supersymmetry in four 
dimensions. Given a certain set of assumptions, it is proved in Section 9.3 
that the internal manifold must be a Calabi—Yau three-fold. 


A first glance at Calabi- Yau manifolds 


Calabi-Yau manifolds are complex manifolds, and they exist in any even 
dimension. More precisely, a Calabi-Yau n-fold is a Kahler manifold in n 
complex dimensions with SU(n) holonomy. The only examples in two (real) 
dimensions are the complex plane C and the two-torus T?. Any Riemann 
surface, other than a torus, is not Calabi-Yau. In four dimensions there are 
two compact examples, the K3 manifold and the four-torus T4, as well as 
noncompact examples such as C? and C x T?. The cases of greatest interest 
are Calabi-Yau three-folds, which have six real (or three complex) dimen- 
sions. In contrast to the lower-dimensional cases there are many thousands 
of Calabi-Yau three-folds, and it is an open question whether this number 
is even finite. Compactification on a Calabi-Yau three-fold breaks 3/4 of 
the original supersymmetry. Thus, Calabi-Yau compactification of the het- 
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erotic string results in M = 1 supersymmetry in four dimensions, while for 
the type II superstring theories it gives N = 2. 


Conifold transitions and supersymmetric cycles 


Nonperturbative effects in the string coupling constant need to be included 
for the four-dimensional low-energy theory resulting from Calabi-Yau com- 
pactifications to be consistent. For example, massless states coming from 
branes wrapping supersymmetric cycles need to be included in the low- 
energy effective action, as otherwise the metric is singular and the action is 
inconsistent. This is discussed in Section 9.8. 


Mirror symmetry 


Compactifications on Calabi-Yau manifolds have an interesting property 
that is related to T-duality, which is a characteristic feature of the toroidal 
compactifications described in Chapters 6 and 7. This chapter shows that 
certain toroidal compactifications also have another remarkable property, 
namely invariance under interchange of the shape and size of the torus. This 
is the simplest example of a symmetry known as mirror symmetry, which is a 
property of more general Calabi-Yau manifolds. This property, discussed in 
Section 9.9, implies that two distinct Calabi-Yau manifolds, which typically 
have different topologies, can be physically equivalent. More precisely, type 
IIA superstring theory compactified on a Calabi-Yau manifold M is equiv- 
alent to type IIB superstring theory compactified on the mirror Calabi-Yau 
manifold W.? Evidence for mirror symmetry is given in Fig. 9.1. Some 
progress towards a proof of mirror symmetry is discussed in Section 9.9. 


Ezxceptional-holonomy manifolds 


Calabi-Yau manifolds have been discussed a great deal since 1985. More 
recently, other consistent backgrounds of string theory have been investi- 
gated, partly motivated by the string dualities discussed in Chapter 8. The 
most important examples, discussed in Section 9.12, are manifolds of Go 
and S'pin(7) holonomy. G2 manifolds are seven-dimensional and break 7/8 
of the supersymmetry, while Spin(7) manifolds are eight-dimensional and 
break 15/16 of the supersymmetry. Calabi-Yau four-folds, which are also 
eight-dimensional, break 7/8 of the supersymmetry. They are discussed in 
the context of flux compactifications in Chapter 10. 


2 Even though it is called a symmetry, mirror symmetry is really a duality that relates pairs of 
Calabi-Yau manifolds. 
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Fig. 9.1. This figure shows a plot of the sum ht + h>! against the Euler number 
x = 2(htt — h>!) for a certain class of Calabi-Yau manifolds. The near-perfect 
symmetry of the diagram illustrates mirror symmetry, which is discussed in Sec- 
tion 9.7. 


9.1 Orbifolds 


Before discussing Calabi-Yau manifolds, let us consider a mathematically 
simpler class of compactification spaces called orbifolds. Sometimes it is 
convenient to know the explicit form of the metric of the internal space, 


3 


which for almost all Calabi-Yau manifolds is not known,’ not even for the 


3 Exceptions include tori and the complex plane. 
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four-dimensional manifold K3. Orbifolds include certain singular limits of 
Calabi-Yau manifolds for which the metric is known explicitly. 

Suppose that X is a smooth manifold with a discrete isometry group 
G. One can then form the quotient space X/G. A point in the quotient 
space corresponds to an orbit of points in X consisting of a point and all 
of its images under the action of the isometry group. If nontrivial group 
elements leave points of X invariant, the quotient space has singularities. 
General relativity is ill-defined on singular spaces. However, it turns out 
that strings propagate consistently on spaces with orbifold singularities, pro- 
vided so-called twisted sectors are taken into account. (Twisted sectors will 
be defined below). At nonsingular points, the orbifold X/G is locally indis- 
tinguishable from the original manifold X. Therefore, it is natural to induce 
local structures, such as the metric, to nonsingular regions of the orbifold. 
It is assumed here that the orbifold group action acts only on spatial dimen- 
sions. When the time direction is involved, new phenomena, such as closed 
time-like curves, can result. 


Some simple examples 
Compact examples 


A circle is obtained by identifying points on the real line according to x ~ 
x+27R. The simplest example of an orbifold is the interval S1 /Zə2 resulting 
after the identification of the circle coordinate x — —x. This identification 
transforms a circle into an interval as shown in Fig. 9.2. This orbifold plays 
a crucial role in connection with the strong-coupling limit of the Eg x Eg 
heterotic string, as discussed in Chapter 8. 


J! 


X~-X 





oOo 
30 


Fig. 9.2. The simplest example of an orbifold is the interval $1/Z2. 
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Noncompact examples 


A simple noncompact example of an orbifold results from considering the 
complex plane C, described by a local coordinate z in the usual way, and 
the isometry given by the transformation 


z> =z. (9.1) 


This operation squares to one, and therefore it generates the two-element 
group Zə. The orbifold C/Zə is defined by identifying points that are in the 
same orbit of the group action, that is, by identifying z and —z. Roughly 
speaking, this operation divides the complex plane into two half-planes. 
More precisely, the orbifold corresponds to taking the upper half-plane and 
identifying the left and right halves of the boundary (the real axis) according 
to the group action. As depicted in Fig. 9.3, the resulting space is a cone. 


A A 














Fig. 9.3. To construct the orbifold C/Z the complex plane is divided into two 
parts and identified along the real axis (z ~ —z). The resulting orbifold is a cone. 


This orbifold is smooth except for a conical singularity at the point (0,0), 
because this is the fixed point of the group action. One consequence of 
the conical singularity is that the circumference of a circle of radius R, 
centered at the origin, is mR and the conical deficit angle is m. An obvious 
generalization is the orbifold C/Zy, where the group is generated by a 
rotation by 27/N. In this case there is again a singularity at the origin 
and the conical deficit angle is 27(N — 1)/N. This type of singularity is 
an Ay singularity. It is included in the more general ADE classification of 
singularities, which is discussed in Sections 9.11 and 9.12. 

The example C/Zə illustrates the following general statement: points 
that are invariant (or fixed) under some nontrivial group element map to 
singular points of the quotient space. Because of the singularities, these 
quotient spaces are not manifolds (which, by definition, are smooth), and 
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they are called orbifolds instead. Not every discrete group action has fixed 
points. For example, the group Z generated by a translation z —> z +a 
gives rise to the quotient space C/Z, which is a cylinder. Since there are no 
fixed points, the cylinder is a smooth manifold, and it would not be called 
an orbifold. When there are two such periods, whose ratio is not real, the 
quotient space C/(Z x Z) is a smooth torus. 


The spectrum of states 


What kind of physical states occur in the spectrum of free strings that live 
on an orbifold background geometry? In general, there are two types of 
states. 


e The most obvious class of states, called untwisted states, are those that 
exist on X and are invariant under the group G. In other words, the 
Hilbert space of string states on X can be projected onto the subspace 
of G-invariant states. A string state WV on X corresponds to an orbifold 
string state on X/G if 


g% = YẸ, for all gE G. (9.2) 


For a finite group G, one can start with any state on X, Vo, and construct 
a G-invariant state Y by superposing all the images gWo. 

e There is a second class of physical string states on orbifolds whose exis- 
tence depends on the fact that strings are extended objects. These states, 
called twisted states, are obtained in the following way. In a theory of 
closed strings, which is what is assumed here, strings must start and end 
at the same point, that is, X#(o + 27) = X” (øo). A string that connects 
a point of X to one of its G images would not be an allowed configura- 
tion on X, but it maps to an allowed closed-string configuration on X/G. 
Mathematically, the condition is 


X*(o + 27) = gX"(o), (9.3) 


for some g € G. The untwisted states correspond to g = 1. Twisted states 
are new closed-string states that appear after orbifolding. In general, there 
are various twisted sectors, labeled by the group element used to make 
the identification of the ends. More precisely, it is the conjugacy classes 
of G that give distinct twisted sectors. This distinction only matters if G 
is nonabelian. 

In the example C/Z» it is clear that the twisted string states enclose 
the singular point of the orbifold. This is a generic feature of orbifolds. 
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In the quantum spectrum, the individual twisted-sector quantum states 
of the string are localized at the orbifold singularities that the classical 
configurations enclose. This is clear for low-lying excitations, at least, 
since the strings shrink to small size. 


Orbifolds and supersymmetry breaking 


String theories on an orbifold X/G generically have less unbroken supersym- 
metry than on X, which makes them phenomenologically more attractive. 
Let us examine how this works for a certain class of noncompact orbifolds 
that are a generalization of the example described above, namely orbifolds 
of the form C"/Zy. The conclusions concerning supersymmetry breaking 
are also applicable to compact orbifolds of the form T?”/Zy. 


The orbifold C"/Zn 


Let us parametrize C” by coordinates (z!,..., 2”), and define a generator g 
of Zy by a simultaneous rotation of each of the planes 


g: 2> ét, a=l,...,n, (9.4) 
where the ¢° are integer multiples of 27/N, so that g = 1. The example 
of the cone corresponds to n = 1, N = 2 and ¢! = m. 

Unbroken supersymmetries are the components of the original supercharge 
Qa that are invariant under the group action. Since the group action in this 
example is a rotation, and the supercharge is a spinor, we have to exam- 
ine how a spinor transforms under this rotation. The weights of spinor 
representations of a rotation generator in 2n dimensions have the form 
( Í i i 
exponents by two in Eq. (9.4), which accounts for the familiar fact that a 














5): a total of 2” states. This corresponds to dividing the 





spinor reverses sign under a 27 rotation. An irreducible spinor representa- 
tion of Spin(2n) has dimension 2”71. An even number of — weights gives 
one spinor representation and an odd number gives the other one. Under 


the same rotation considered above 
n 
9: Qa — exp (Zae) Qa, (9.5) 
a=1 


where £a is a spinor weight. Suppose, for example, that the ° are chosen 
so that 


1 n 
= ò o =0 mod N. (9.6) 
asl 
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Then, in general, the only components of Qa that are invariant under g are 
those whose weights £a have the same sign for all n components, since then 
>> e%¢° = 0. In special cases, other components may also be invariant. For 
each value of a for which the supercharge is not invariant, the amount of 
unbroken supersymmetry is cut in half. Thus, if there is invariance for only 
one value of a, the fraction of the supersymmetry that is unbroken is 217”. 
This chapter shows that the same fraction of supersymmetry is preserved 
by compactification on a Calabi-Yau n-fold. In fact, some orbifolds of this 


type are singular limits of smooth Calabi-Yau manifolds. 


9.2 Calabi-Yau manifolds: mathematical properties 
Definition of Calabi—Yau manifolds 

By definition, a Calabi-Yau n-fold is a Kahler manifold having n complex 
dimensions and vanishing first Chern class 

== 1 
On 
A theorem, conjectured by Calabi and proved by Yau, states that any com- 
pact Kahler manifold with cı = 0 admits a Kahler metric of SU (n) holon- 
omy. As we will see below a manifold with SU(n) holonomy admits a spinor 


c1 [R] =0. (9.7) 


field which is covariantly constant and as a result is necessarily Ricci flat. 
This theorem is only valid for compact manifolds. In order for it to be valid 
in the noncompact case, additional boundary conditions at infinity need to 
be imposed. As a result, metrics of SU (n) holonomy correspond precisely 
to Kähler manifolds of vanishing first Chern class. 

We will motivate the above theorem by showing that the existence of a 
covariantly constant spinor implies that the background is Kähler and has 
cı = 0. A fundamental theorem states that a compact Kahler manifold has 
cı = 0 if and only if the manifold admits a nowhere vanishing holomorphic 
n-form 2. In local coordinates 


OG 2 ..., 2") SF eee de Adz? te A dz". (9.8) 


In section 9.5 we will establish the vanishing of cı by explicitly constructing 
Q in backgrounds of SU(n) holonomy. 


Hodge numbers of a Calabi—Yau n-fold 


Betti numbers are fundamental topological numbers associated with a mani- 
fold.4 The Betti number bp is the dimension of the pth de Rham cohomology 


4 There is more discussion of this background material in the appendix of this chapter. 
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of the manifold M, H?(M), which is defined in the appendix. When the 
manifold has a metric, Betti numbers count the number of linearly inde- 
pendent harmonic p-forms on the manifold. For Kahler manifolds the Betti 
numbers can be decomposed in terms of Hodge numbers h?4?, which count 
the number of harmonic (p, q)-forms on the manifold 


k 


o (9.9) 


p=0 


Hodge diamond 


A Calabi-Yau n-fold is characterized by the values of its Hodge numbers. 
This is not a complete characterization, since inequivalent Calabi-Yau man- 
ifolds sometimes have the same Hodge numbers. There are symmetries and 
dualities relating different Hodge numbers, so only a small subset of these 
numbers is independent. The Hodge numbers of a Calabi-Yau n-fold satisfy 
the relation 


hP? = hP, (9.10) 


This follows from the fact that the spaces H?(M) and H”? (M) are isomor- 
phic, as can be proved by contracting a closed (p, 0)-form with the complex 
conjugate of the holomorphic (n,0)-form and using the metric to make a 
closed (0,n — p)-form. Complex conjugation gives the relation 


hP = ho”, (9.11) 
and Poincaré duality gives the additional relation 
hPa = peman, (9.12) 


Any compact connected Kahler complex manifold has h°° = 1, correspond- 
ing to constant functions. A simply-connected manifold has vanishing funda- 
mental group (first homotopy group), and therefore vanishing first homology 
group. As a result,’ 


ht? = h? = 0. (9.13) 


In the important case of n = 3 the complete cohomological description of 
Calabi-Yau manifolds only requires specifying ht! and h?!. The full set of 
Hodge numbers can be displayed in the Hodge diamond 
5 Aside from tori, the Calabi-Yau manifolds that are considered here are simply connected. 

Calabi-Yau manifolds that are not simply connected can then be constructed by modding out 


by discrete freely acting isometry groups. In all cases of interest, these groups are finite, and 
thus the resulting Calabi-Yau manifold still satisfies Eq. (9.13). 


9.2 Calabi-Yau manifolds: mathematical properties 365 


hes 1 
h? hee 0 0 
h31 h22 Ais 0 htt 0 
hIS yhe, NRA hoem i hek har nl (9.14) 
h20 ht! h82 0 htt 0 
hes Shee 0 0 
ee 1 


Using the relations discussed above, one finds that the Euler characteristic 
of the Calabi—Yau three-fold is given by 


6 
x = y (iP = 2(h — 13). (9.15) 
p=0 


In Chapter 10 compactifications of M-theory on Calabi-Yau four-folds 
are discussed. This corresponds to the case n = 4. These manifolds are 
characterized in terms of three independent Hodge numbers h!!, h!3, h!?. 
The Hodge diamond takes the form 


1 
0 0 
0 h}! 0 
0 h2! h21 0 
1 kèt R??? kH 1] (9.16) 
0 h>! h2! 0 
0 htt 0 
0 0 
1 


For Calabi-Yau four-folds there is an additional relation between the 
Hodge numbers, which will not be derived here, namely 


h22 = 2(22 + 2hb1 + 2A — ph), (9.17) 


As a result, only three of the Hodge numbers can be varied independently. 
The Euler number can therefore be written as 


8 
x= (-1 6(8 + All +h?! — p21), (9.18) 
p=0 
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9.3 Examples of Calabi-Yau manifolds 
Calabi- Yau one-folds 


The simplest examples of Calabi-Yau manifolds have one complex dimen- 
sion. 


Noncompact example: C 


A simple noncompact example is the complex plane C described in terms 
of the coordinates (z, z). It can be described in terms of a flat metric 


ds? = |dz|", (9.19) 
and the holomorphic one-form is 


Q = dz. (9.20) 


Compact example: T? 


The only compact Calabi-Yau one-fold is the two-torus T?, which can be 
described with a flat metric and can be thought of as a parallelogram with 
opposite sides identified. This simple example is discussed in Sections 9.5 
and 9.9 in order to introduce concepts, such as mirror symmetry, that can 
be generalized to higher dimensions. 


Calabi- Yau two-folds 
Noncompact examples 


Some simple examples of noncompact Calabi-Yau two-folds, which have 
two complex dimensions, can be obtained as products of the previous two 
manifolds: C? = © x C, C x T?. 


Compact examples: Tt, K3 


Requiring a covariantly constant spinor is very restrictive in four real di- 
mensions. In fact, K3 and T* are the only two examples of four-dimensional 
compact Kahler manifolds for which they exist. As a result, these mani- 
folds are the only examples of Calabi-Yau two-folds. If one requires the 
holonomy to be SU(2), and not a subgroup, then only K3 survives. By con- 
trast, there are very many (possibly infinitely many) Calabi-Yau three-folds. 
Since K3 and T4 are Calabi-Yau manifolds, they admit a Ricci-flat Kahler 
metric. Moreover, since SU(2) = Sp(1), it turns out that they are also 
hyper-Kähler. The explicit form of the Ricci-flat metric of a smooth K3 
6 In general, a 4n-dimensional manifold of Sp(n) holonomy is called hyper-Kahler. The notation 


US'p(2n) is also used for the same group when one wants to emphasize that the compact form 
is being used. Both notations are used in this book. 
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is not known. However, K3 can be described in more detail in the orbifold 
limit, which we present next. 


Orbifold limit of K8 
A singular limit of K3, which is often used in string theory, is an orbifold 
of the T4. This has the advantage that it can be made completely explicit. 
Consider the square T4 constructed by taking C? and imposing the following 
four discrete identifications: 


z~ z’ +1 z~ zt +i, a= 1,2. (9.21) 
There is a Zə isometry group generated by 
TZ : (z', 27) 3 (—z1, -z”). (9.22) 


This Zə action has 16 fixed points, for which each of the z“ takes one of the 
following four values 
1 i 1+i 


02 
ae a Naa 





(9.23) 


Therefore, the orbifold T4/Ze has 16 singularities. These singularities can 
be repaired by a mathematical operation called blowing up the singularities 
of the orbifold. 


Blowing up the singularities 


The singular points of the orbifold described above can be “repaired” by 
the insertion of an Eguchi—Hanson space. The way to do this is to excise a 
small ball of radius a around each of the fixed points. The boundary of each 
ball is S/Z since opposite points on the sphere are identified, according to 
Eq. (9.22). One excises each ball and replaces it by a smooth noncompact 
Ricci-flat Kahler manifold whose boundary is $°/Z2. The unique manifold 
that has an $*/Z» boundary and all the requisite properties to replace each 
of the 16 excised balls is an Eguchi—Hanson space. The metric of the Eguchi- 
Hanson space is 


1 1 
ds? = A~'dr? + qr Alay + cos do)? + qr ans, (9.24) 


with A = 1—(a/r)* and dQ} = d0? + sin? 6d¢?. The radial coordinate is in 
the range a < r < œ, where a is an arbitrary constant and w has period 27. 

Repairing the singularities in this manner gives a manifold with the desired 
topology, but the metric has to be smoothed out to give a true Calabi-Yau 
geometry. The orbifold then corresponds to the limit a — 0. The nonzero 
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Hodge numbers of the Eguchi-Hanson space are h®® hit h22 1. 
Moreover, the (1, 1)-form is anti-self-dual and is given by 





1 1 
J= grar A (dw + cos Odd) — r sin d0 A^ dọ, (9.25) 


as you are asked to verify in a homework problem. In terms of the complex 
coordinates 


Joa Pesslo vex K y 8) ddl” EON K 2 o) , 





(9.26) 
the metric is Kähler with Kähler potential 
r? exp(r4 + at)! 
K = log a2 m (r4 + ah) 1/2 (9.27) 





Hodge numbers of K3 


The cohomology of K3 can be computed by combining the contributions 
of the T+ and the Eguchi-Hanson spaces. The result obtained in this way 
remains correct after the metric has been smoothed out. 

The Eguchi-Hanson spaces contribute a total of 16 generators to H!", 
one for each of the 16 spaces used to blow up the singularities. Moreover, on 
the T4 the following four representatives of H' cohomology classes survive 
the Zə identifications: 


dz! A dz’, dz? A dz’, dz! A dz’, dz? A dz’. (9.28) 


This gives in total htt = 20. In addition, there is one H? class represented 
by dz! A dz? and one H®? class represented by dz! A dz. As a result, the 
Hodge numbers of K3 are given by the Hodge diamond 


1 20 1 (9.29) 


Thus, the nonzero Betti numbers of K3 are bọ = b4 = 1, b2 = 22, and the 
Euler characteristic is x = 24. The 22 nontrivial harmonic two-forms consist 
of three self-dual forms (bj = 3) and 19 anti-self-dual forms (by = 19). 
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Calabi- Yau n-folds 


The complete classification of Calabi-Yau n-folds for n > 2 is an unsolved 
problem, and it is not even clear that the number of compact Calabi-Yau 
three-folds is finite. Many examples have been constructed. Here we mention 
a few of them. 


Submanifolds of complex projective spaces 


Examples of a Calabi-Yau n-folds can be constructed as a submanifold of 
CP"t! for all n > 1. Complex projective space, CP", sometimes just de- 
noted P”, is a compact manifold with n complex dimensions. It can be 
constructed by taking C”+1/{0}, that is the set of (z1, z?,...,2"t') where 
the zł are not all zero and making the identifications 


(Bee nage es Ne A2 asa AZ TIY, (9.30) 


for any nonzero complex À Æ 0. Thus, lines’ in C”+! correspond to points 
in CP”. 

CP" is a Kahler manifold, but it is not a Calabi-Yau manifold. The sim- 
plest example is CP!, which is topologically the two-sphere 9°. Obviously, 
it does not admit a Ricci-flat metric. The standard metric of CP”, called the 
Fubini-Study metric, is constructed as follows. First one covers the manifold 
by n+ 1 open sets given by z* Æ 0. Then on each open set one introduces 
local coordinates. For example, on the open set with z”*! Æ 0, one defines 
wt = 2%/z"*!, with a =1,...,n. Then one introduces the Kahler potential 
(for this open set) 


K = log (1+ om"). (9.31) 
a=1 


This determines the metric by formulas given in the appendix. A crucial 
requirement is that the analogous formulas for the Kähler potential on the 
other open sets differ from this one by Kähler transformations. You are 
asked to verify this in a homework problem. 

Examples of Calabi-Yau manifolds can be obtained as subspaces of com- 
plex projective spaces. Specifically, let G be a homogenous polynomial of 
degree k in the coordinates z! of C”+t?, that is, 


GOR en SO VSN CE ne). (9.32) 
The submanifold of CP"+! defined by 
G(2,...,2°7) =0 (9.33) 


7 A line in a complex manifold has one complex dimension. 
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is acompact Kahler manifold with n complex dimensions. This submanifold 
has vanishing first Chern class for k = n+2. One way of obtaining this result 
is to explicitly compute c,(X). To do so note that c;(X) can be expressed 
through the volume form since X is Kahler. As a volume form on X one can 
use the pullback of the (n—1)-power of the Kahler form of CP’*!. Another 
way of obtaining this result is to use the adjunction formula of algebraic 
geometry, which implies 


c1(X) ~ [k — (n+ 2)] a (CPH), (9.34) 
This vanishes for k = n + 2. 


e In the case of n = 2 (quartic polynomials in CP?) one obtains K3 mani- 
folds. As an example consider 


Seyret (9.35) 


as a quartic equation representing K3. Different choices of quartic poly- 
nomials give K3 manifolds that are diffeomorphic to each other but have 
different complex structures. Deformations of Calabi-Yau manifolds, in 
particular deformations of the complex structure, are discussed in Sec- 
tion 9.5. 

In the case of n = 3 this construction describes the quintic hypersurface 
in CP*. This manifold can be described by the polynomial 


Vieyvso, (9.36) 


or a more general polynomial of degree five in five variables. This manifold 
has the Hodge numbers 


At=1 and fA? = 101, (9.37) 


which gives an Euler number of x = —200. Varying the coefficients of the 
quintic polynomial corresponds again to complex-structure deformations. 

The manifold defined by Eq. (9.36) can be covered by five open sets for 
which z* Æ 0, a = 1,...,5. On the first open set, for example, one can 
define local coordinates w° = z% /z!, a = 2,3,4,5. These satisfy 


5 


S-(w*)4dw? = 0. (9.38) 


a=2 
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In terms of these coordinates the holomorphic three-form is given by 


Q= dw? A dw? A dwt 
7 (w?)4 


Note that Eq. (9.39) seems to single out one of the coordinates. However, 





(9.39) 


taking Eq. (9.38) into account one sees that the four coordinates w%, 
a=2,...,5, are treated democratically. 


Weighted complex projective space: er ne dae 


One generalization entails replacing CP” by weighted complex projective 
spaceWCPy ee This n-dimensional complex space is defined by starting 
with C"+! and making the identifications® 


Ne ee w AN (zl, ee eg TE, (9.40) 


where k,,...,kn41 are positive integers, and N is their least common multi- 
ple. Further generalizations consist of products of such spaces with dimen- 
sions n;. One can impose m polynomial constraint equations that respect 
the scaling properties of the coordinates. Generically, this produces a space 
with X` n; — m complex dimensions. Then one has to compute the first 
Chern class, which is not so easy in general. Still this procedure has been 
automated, and several thousand inequivalent Calabi-Yau three-folds have 
been obtained. Other powerful techniques, based on toric geometry, which is 
not discussed in this book, have produced additional examples. Despite all 
this effort, the classification of Calabi-Yau three-folds is not yet complete. 





EXERCISES 





EXERCISE 9.1 
Show that up to normalization f JA J A J is the volume of a compact six- 
dimensional Kahler manifold. Consider first the case of two real dimensions. 


SOLUTION 


Here J = ig,gdz* Adz is the Kahler form, which is discussed in the appendix. 
This result has to be true because h?’ = 1 for a compact Kahler manifold 
in three complex dimensions. J A J A J, which is a (3,3)-form, must be 


8 Note that the As have exponents and the zs have superscripts. 
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proportional to the volume form (up to an exact form), since it is closed but 
not exact. Still, it is instructive to demonstrate this explicitly. So let us do 
that now. 

For one complex dimension (or two real dimensions) the Kahler form is 
J = igzzdz ^ dz, where z = x + iy. The metric components then take the 
form 


Gra = Gyy = 2922, Jay = 0. 
The Kahler form describes the volume, V = f J, since 
J = igzzdz ^ dZ = 2gzzdx ^ dy = \/gdx ^ dy. 


This argument generalizes to n complex dimensions, where J = ig gdz*Adz?. 
Setting 2° = x° + iy® and using \/g = 2" det gap, one obtains for n = 3 


1 
GIAIAT = Sada! A dy’, 
which is the volume form. Thus, 


V= [IAIA 





EXERCISE 9.2 

Consider the orbifold T? xT?/Z3, where Z3 acts on the coordinates of T? x T? 
by (z1,2?) > (wz!,w71z?), where w = exp(27i/3) is a third root of unity, 
and (z1, z?) are the coordinates of the two tori. Compute the cohomology of 
M, including the contribution coming from the fixed points. Compare the 


result to the cohomology of K3. 


SOLUTION 


In order for the Z3 transformation to be a symmetry, let us choose the 
complex structure of the tori such that the periods are 


ge m zt ay ng? ter a = 1,2. 


The Z3 action has nine fixed points where each of the z* takes one of the 
following three values: 


Tai Bak 


v3 VB 


D 


9.38 Examples of Calabi-Yau manifolds 373 


The cohomology of the orbifold has two contributions: one from the har- 
monic forms of T? x T? that are invariant under action Z3. The other one 
comes from the fixed points. 

The Z3-invariant harmonic forms are: 


1, dz'Adz?, dz! Adz, dz'Adz, dz? Adz, dz! Adz? Adz A dz’. 


Each of the nine singularities has a CP! x CP! blow-up whose boundary 
is $°/Z3. Each of these contributes two two-cycles or htt = 2. The two 
two-cycles intersect at one point. Thus, the nonvanishing Hodge numbers 
of the orbifold are 


Leap Sa pele h =2+9 x 2 = 20, 








while the other Hodge numbers vanish. These numbers are the same as 
those for K3. This orbifold is a singular limit of a smooth K3, like the Zo 
orbifold considered in the text. Z4 and Zę orbifolds also give singular K3s. 














EXERCISE 9.3 

Consider C?/G, where G is the subgroup of SU (2) generated by (21, z?) > 
(wz! w712?) and (z!, 27) => (—2?, z!) with w?” = 1. Show that in terms of 
variables invariant under the action of G the resulting (singular) space can 
be described by? 


rti + gy? + 22 =0. 


SOLUTION 


The variables 


a 1 
r= (z122), y= ale) + (22n; z= sue) (22) etz? 
are invariant under the action of G. Thus 
grt = (rere? 
1 
ry? = = Æ (27 fe 2(212?)? n) (2122), 
1 
z2 = qe)” + (22) — Weer al s7). 


9 The singularity of this space is called a Dn+2 singularity, because the blown-up geometry has 
intersection numbers encoded in the Dn+2 Dynkin diagram. Intersection number is defined in 
Section 9.6, and the Dynkin diagram is explained in Section 9.11. 
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This leads to the desired equation 


atl gy? + 24 = 0. 





9.4 Calabi-Yau compactifications of the heterotic string 


Calabi-Yau compactifications of ten-dimensional heterotic string theories 
give theories in four-dimensional space-time with M = 1 supersymmetry. 1° 
In other words, 3/4 of the original 16 supersymmetries are broken. As 
mentioned in the introduction, the motivation for this is the appealing, 
though unproved, possibility that this much supersymmetry extends down 
to the TeV scale in the real world. Another motivation for considering these 
compactifications is that it is rather easy to embed the standard-model gauge 
group, or a grand-unification gauge group, inside one of the two Eg groups 
of the Eg x Eg heterotic string theory. 


Ansatz for the D = 10 space-time geometry 


Let us assume that the ten-dimensional space-time Myo of the heterotic 
string theory decomposes into a product of a noncompact four-dimensional 
space-time M4 and a six-dimensional internal manifold M, which is small 
and compact 


Mio = Ma x M. (9.41) 


Previously, ten-dimensional coordinates were labeled by a Greek index and 
denoted z”. Now, the symbol x™ denotes coordinates of Mio, while z” 
denotes coordinates of M4 and y™ denotes coordinates of the six-dimensional 
space M. This index rule is summarized by M = (u, m). Generalizations of 
the ansatz in Eq. (9.41) are discussed in Chapter 10. 


Mazimally symmetric solutions 


Let us consider solutions in which M4 is maximally symmetric, that is, a 
homogeneous and isotropic four-dimensional space-time. Symmetries alone 
imply that the Riemann tensor of M4 can be expressed in terms of its metric 
according to 


Ryvor > (Iup9vA = Gurdve)s (9.42) 


R 

12 

10 This amount of supersymmetry is unbroken to every order in perturbation theory. In some 
cases it is broken by nonperturbative effects. 
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where the scalar curvature R = g”? GOR ph is a constant. It is proportional 
to the four-dimensional cosmological constant. Maximal symmetry restricts 
the space-time M4 to be either Minkowski (R = 0), AdS (R < 0) or dS 
(R > 0). The assumption of maximal symmetry along M4 also requires 
the following components of the NS-NS three-form field strength H and the 
Yang-Mills field strength to vanish 








Hyp = Hyp = Hynp =9 and Fy = Fin =0. (9.43) 


In this chapter it is furthermore assumed that the internal three-form field 
strength Hmnp vanishes and the dilaton ® is constant. These assumptions, 
made for simplicity, give rise to the backgrounds described in this chapter. 
Backgrounds with nonzero internal H-field and a nonconstant dilaton are 
discussed in Chapter 10. 


Conditions for unbroken supersymmetry 


The constraints that M = 1 supersymmetry imposes on the vacuum arise 
in the following way. Each of the supersymmetry charges Qa generates an 
infinitesimal transformation of all the fields with an associated infinitesimal 
parameter €,. Unbroken supersymmetries leave a particular background 
invariant. This is the classical version of the statement that the vacuum 
state is annihilated by the charges. The invariance of the bosonic fields 
is trivial, because each term in the supersymmetry variation of a bosonic 
field contains at least one fermionic field, but fermionic fields vanish in a 
classical background. Therefore, the only nontrivial conditions come from 
the fermionic variations 


ôs (fermionic fields) = 0. (9.44) 


In fact, for exactly this reason, only the bosonic parts of fermionic super- 
symmetry transformations were presented in Chapter 8. If the expectation 
values for the fermions still vanish after performing a supersymmetry vari- 
ation, then one obtains a solution of the bosonic equations of motion that 
preserves supersymmetry for the type of backgrounds considered here. In 
fact, as is shown in Exercise 9.4, a solution to the supersymmetry constraints 
is always a solution to the equations of motion, while the converse is not 
necessarily true. Here we are applying this result for theories with local 
supersymmetry. This can be done if we impose the Bianchi identity sat- 
isfied by the three-form H as an additional constraint. In order to obtain 
unbroken M = 1 supersymmetry, Eq. (9.44) needs to hold for four linearly 
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independent choices of € forming a four-component Majorana spinor (or 
equivalently a two-component Weyl spinor and its complex conjugate). 

The supergravity approximation to heterotic string theory was described 
in Section 8.1. In particular, the bosonic part of the ten-dimensional action 
was presented. The full supergravity approximation also contains terms in- 
volving fermionic fields, which are incorporated in such a way that the theory 
has N = 1 local supersymmetry (16 fermionic symmetries). As described in 
Section 8.1, the bosonic terms of the supersymmetry transformations of the 
fermionic fields can be written in the form! 


OV m = VME = tHme, 


dX 


—50%e + tHe, (9.45) 


ox = —3Fe, 


in the string frame. In addition, the three-form field strength H satisfies 


1 


dH = = [tr(RA R) — tr(F A F)]. (9.46) 


The left-hand side is exact. Therefore, the cohomology classes of tr(R A R) 
and tr(F A F) have to be the same. In compactifications with branes, this 
condition can be modified by additional contributions. 

Since the H-flux is assumed to vanish, the supersymmetry transformation 
of the gravitino simplifies, 


ôm = VME. (9.47) 


For an unbroken supersymmetry this must vanish, and therefore there should 
exist a nontrivial solution to the Killing spinor equation 


Vue = 0. (9.48) 


This equation means that £ is a covariantly constant spinor. 

N = 1 supersymmetry implies that one such spinor should exist. Since 
the manifold Mio is a direct product, the covariantly constant spinor € can 
be decomposed into a product structure 


elx, y) = C(x) 8 n(y), (9.49) 


or a sum of such terms. The properties of these spinors and the form of the 
decomposition are discussed in the next section. In making such decompo- 
sitions of anticommuting (Grassmann-odd) spinors, it is always understood 


11 The notation introduced in Section 8.1 is simplified here according to H®) — H and A3 > H. 
Also, the fermionic variables that had tildes there are written here without tildes. 
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that the space-time components ¢(x) are anticommuting (Grassmann odd), 
while the internal components 7(y) are commuting (Grassmann even). 


Properties of the external space 


Let us consider the external components of Eq. (9.48) for which the index 
takes value M = yw. The existence of a covariantly constant spinor ¢(x) on 
Mz, satisfying 


Vic =0, (9.50) 


implies that the curvature scalar R in Eq. (9.42) vanishes, and hence M4 is 
Minkowski space-time. This follows from 


1 
[Vis Vv) Ç = quo lS =0 (9.51) 


and the assumption of maximal symmetry (9.42). The details are shown in 
Exercises 9.6 and 9.7. Then ¢ is actually constant, not just covariantly con- 
stant, and it is the infinitesimal transformation parameter of an unbroken 
global supersymmetry in four dimensions. This is a nontrivial result inas- 
much as unbroken supersymmetry does not necessarily imply a vanishing 
cosmological constant by itself. AdS spaces can also be supersymmetrical, 
a fact that plays a crucial role in Chapter 12. However, this result does 
not solve the cosmological constant problem. The question that needs to be 
answered in order to make contact with the real world is whether the cos- 
mological constant can vanish, or at least be extremely small, when super- 
symmetry is broken. The present result has nothing to say about this, since 
it is derived by requiring unbroken supersymmetry. To summarize: super- 
symmetry constrains the external space to be four-dimensional Minkowski 
space. 


Properties of the internal manifold 


Let us now consider the restrictions coming from the internal components 
M = m of Eq. (9.48). The existence of a spinor that satisfies 


Vet = 0, (9.52) 


and therefore is covariantly constant on M, leads to the integrability condi- 
tion 


1 
[Vm, Vanl] y= qPranpal = 0. (9.53) 
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This implies that the metric on the internal manifold M is Ricci-flat (see 
Exercises 9.6 and 9.7) 


Bei 0. (9.54) 


However, in contrast to the external space-time, where maximal symmetry 
is assumed, it does not mean that M is flat, since the Riemann tensor can 
still be nonzero. 


Holonomy and unbroken supersymmetry 


For an orientable six-dimensional spin manifold,!? the main case of inter- 
est here, parallel transport of a spinor 7 around a closed curve generically 
gives a rotation by a Spin(6) = SU(4) matrix. This is the generic holonomy 
group.'3 A real spinor on such a manifold has eight components, but the 
eight components can be decomposed into two irreducible SU(4) represen- 
tations 


8=464, (9.55) 


where the 4 and 4 represent spinors of opposite chirality, which are complex 
conjugates of one another. Thus, a spinor of definite chirality has four 
complex components. 

A spinor that is covariantly constant remains unchanged after being par- 
allel transported around a closed curve. The existence of such a spinor is 
required if some supersymmetry is to remain unbroken; see Eq. (9.48). The 
largest subgroup of SU(4) for which a spinor of definite chirality can be 
invariant is SU(3). The reason is that the 4 has an SU(3) decomposition 


4=361, (9.56) 


and the singlet is invariant under SU(3) transformations. Since the condi- 
tion for M = 1 unbroken supersymmetry in four dimensions is equivalent to 
the existence of a covariantly constant spinor on the internal six-dimensional 
manifold, it follows that the manifold should have SU(3) holonomy. 

The supersymmetry charge of the heterotic string in ten dimensions is a 
Majorana—Wey] spinor with 16 real components, which form an irreducible 
representation of S'pin(9,1). Group theoretically, this decomposes with re- 
spect to an SL(2, C) x SU(4) subgroup as!4 


16 = (2,4) 6 (2,4). (9.57) 


12 A spin manifold is a manifold on which spinors can be defined, that is, it admits spinors. 

13 More information about holonomy and spinors is given in the appendix. 

14 The other 16-dimensional spinor, which is not a supersymmetry of the heterotic string, then 
has the decomposition 16 = (2,4) + (2, 4). 
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Here SL(2, C) is the four-dimensional Lorentz group, so 2 and 2 correspond 
to positive- and negative-chirality Weyl spinors. On a manifold of SU(3) 
holonomy only the singlet pieces of the 4 and the 4 in Eq. (9.56) lead to 
covariantly constant spinors. Denoting them by fields n+(y), the covariantly 





constant spinor £ can be decomposed into a sum of two terms 


elx, y) = C4 @n+(y) +- @n_(y), (9.58) 


where C+ are two-component constant Weyl spinors on M4. Note that 





n-=n, and ¢_ =, (9.59) 


since € is assumed to be in a Majorana basis. 
A representation of the gamma matrices that is convenient for this 10 = 
4+ 6 split is 


Tip=y@l1 and Im = 75 8 Ym, (9.60) 


where y,, and Ym are the gamma matrices of M4 and M, respectively, and 
y5 is the usual four-dimensional chirality operator 


Vs = —170117273; (9.61) 


which satisfies 7? = 1 and anticommutes with the other four y, s. 


Internal Dirac matrices 


The 8 x 8 Dirac matrices on the internal space M can be chosen to be an- 
tisymmetric. A possible choice of the six antisymmetric matrices satisfying 


{Vi Ig} = 26i3 is 
02818013 013 @02@1 1 ® 01,3 802. (9.62) 


One can then define a seventh antisymmetric matrix that anticommutes 
with all of these six as y7 = 171... 6 Or 


Y7 = 92 8 02 Q 02. (9.63) 


The chirality projection operators are 








Py = (14>7)/2. (9.64) 





In terms of the matrices defined above, one defines matrices Ym = eNi in a 
real basis or Yq and ya in a complex basis. 
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Kahler form and complex structure 
Now let us consider possible fermion bilinears constructed from n+ and 7_. 
Since these spinors are covariantly constant they can be normalized accord- 
ing to 
ning = nbn = 1. (9.65) 
Next, define the tensor 


Im” = inl im" = inim n, (9.66) 


which by using the Fierz transformation formula (given in the appendix of 
Chapter 10) satisfies 

Ja Ia = im (9.67) 
As a result, the manifold is almost complex, and J is the almost complex 


structure. 
Since the spinors 74 and the metric are covariantly constant, the almost 





complex structure is also covariantly constant, that is 
Vida =: (9.68) 


This implies that the almost complex structure satisfies the condition that 
it is a complex structure, since it satisfies 


N? mn = 0, (9.69) 


where N?”mn is the Nijenhuis tensor (see the appendix and Exercise A.4). 
So one can introduce local complex coordinates z“ and Z° in terms of which 


Jn? = iða”, Ja =—idg? and J= J =0. (9.70) 
Note that 
Jmn = Jm” Jn! Ikn, (9.71) 


which together with Eq. (9.70) implies that the metric is hermitian with 
respect to the almost complex structure. Moreover, Eq. (9.71) implies that 
the quantity 


Jmn = me Ikni (9.72) 
is antisymmetric and as a result defines a two-form 
1 
T= gJmnda™ A^ dz”. (9.73) 


The components of J are related to the metric according to 


Jag = 1Gab- (9.74) 
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One important property of J is that it is closed, since 
dJ = ðJ + OJ = idaguadz® ^ dz’ A dz? + idaguadz* A dz’ A dz = 0. (9.75) 


To see this, note that the metric is covariantly constant and take into account 
that we are using a torsion-free connection. As a result, the background is 
Kahler, and J is the Kahler form. 


Holomorphic three-form 


Let us now consider possible fermion bilinears, starting with ones that are 
bilinear in 7_. Remembering that 7 is Grassmann even, one can see that 
the bilinears 72 yqn_ and niyan- vanish by symmetry. Also, the bilinear 
nin vanishes by chirality. The only nonzero possibility, consistent with 
both chirality and symmetry, is 


Qabe = NT Yaben- . (9.76) 


This can be used to define a nowhere-vanishing (3, 0)-form 
1 
Q = z Oabed2® A dz’ ^ dz. (9.77) 


e Let us now show that Q is closed. Since 7 and the metric are covariantly 
constant, it satisfies V7Qape = 0. The connection terms vanish for a 
Kahler manifold, and therefore one deduces that 0Q = 0. It is obvious 
that Q = 0, since there are only three holomorphic dimensions. Thus, 
Q is closed, dQ = (ð + 0)Q = 0. The fact that Q = 0 implies that the 
coefficients Qabe are holomorphic. 

e On the other hand, 2 is not exact. This can be understood as a conse- 
quence of the fact Q A Q is proportional to the volume form, which has a 
nonzero integral over M (see Exercise 9.8). Therefore, QAQ is not exact, 
which implies that Q is not exact. A Calabi-Yau manifold has h°? = 1, 
and Q is a representative of the unique (3,0) cohomology class. Other 
representatives differ by a nonzero multiplicative constant. 


The existence of a holomorphic (3,0)-form implies that the manifold has 
a vanishing first Chern class. Indeed, since the holomorphic indices take 
three values, Qabe must be proportional to the Levi-Civita symbol £abc: 


abe = Í (2)Eabc» (9.78) 


with f(z) a nowhere vanishing holomorphic function of z1, z2 and z3. This 
implies that the norm of Q, defined according to 


1 nabe 
|||? = gj tabe®? h ; (9.79) 
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satisfies 


2 
I= tap rn 





where g denotes the determinant of the metric. As a result, the Ricci form 
is given by 


R = 100 log \/g = —i00 log ||Q||?. (9.81) 


Since log ||Q||? is a coordinate scalar, and therefore globally defined, this 
implies that R is exact and cı = 0. Since the internal spaces are Kahler 
manifolds with a vanishing first Chern class, they are by definition Calabi- 
Yau manifolds. 

To summarize, assuming H = 0 and a constant dilaton, the requirement 
of unbroken M = 1 supersymmetry of the heterotic string compactified 
to four dimensions implies that the internal manifold is Kahler and has a 
vanishing first Chern class. In other words, it is a Calabi-Yau three-fold. 
Such a manifold admits a unique Ricci-flat metric. The Ricci-flat metric is 
generally selected in the supergravity approximation (analyzed here), while 
stringy corrections can deform it to a metric that is not Ricci-flat.!° The 
advantage of this formulation is that Kahler manifolds with vanishing first 
Chern class can be constructed using various methods (some of which are 
presented in Section 9.3). However, backgrounds in which only the holonomy 
is specified, which in the present case is SU(n), are extremely difficult to 
deal with. 





EXERCISES 





EXERCISE 9.4 

Given a theory with M = 1 global supersymmetry, show that a supersym- 

metric state is a zero-energy solution to the equations of motion. 

SOLUTION 

A supersymmetric state |W) is annihilated by one or more supercharges 
Q|V) = 0. 


15 However, the known corrections to the metric can be absorbed in field redefinitions, so that 
the metric becomes Ricci-flat again. 
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For an N = 1 supersymmetric theory there is no central charge, and we can 
write the Hamiltonian as 


H=Q'Q, 
which is positive definite. A supersymmetric state satisfies 
H|Y) =0, 


and therefore it gives a zero-energy solution of the equations of motion. 
The converse is not true, since there are positive-energy solutions of the 
equations of motion that are not supersymmetric. In classical terms, this 
result means that a field configuration satisfying ðe% = 0, for all the fermi 











fields, as discussed in the text, is a solution of the classical field equations. 





EXERCISE 9.5 
Prove that n+ in Eqs (9.59) are Weyl spinors of opposite chirality, that is, 








y7 has eigenvalues +1. 


SOLUTION 


Using y7 = 1717273747576, one finds y? = 1. This is manifest for the repre- 
sentation presented in Eq. (9.63). We can then define P+ = (1+ 7), and 
n+ = Pan. Therefore, 























YN =N and yn-=—7-. 


In terms of holomorphic and antiholomorphic indices 


97 = (1 =- yim) -= yay) — 9893) =- — 1171). — 9272) (1 — 7373), 














so the conditions yan, = 0 and yan- = 0 also give the same results. 


EXERCISE 9.6 
Derive the identity [Vm, Vn] = 7 Rmnpql 4 used in Eq. (9.53). 
SOLUTION 


Using Eq. (9.60) and the definition of the covariant derivative in the ap- 
pendix, 


1 
Van = Onn + gerea "n, 


where wnpq are the components of the spin connection. Thus 


1 1 
[Vins Valn z [Om + geme, On + gers ln. 
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In writing this one has used the fact that Christoffel-connection terms of the 
form (Thn — Fhm)ôph cancel by symmetry. The commutator above gives 


1 1 
g menrs _ nwmrs) Y N F 16 “mpg wnrs lars y"*\n, 
which simplifies to 


1 


1 
g Omenrs = OnWmrs ag WmrpWn” s = Wnrpwm” s)V N = qPmnrs Y N, 


where we have used 


[ras 74] = -867 














EXERCISE 9.7 
Prove that Rimnpqy?4) = 0 implies that Rmn = 0. 


SOLUTION 
Multiplying the above equation with y” gives 
Y” Rimnpan = 9. 


Using the gamma matrix identity 


nyMayha = arpa + gt = gP 


and the equation 

YI Rmnpa = VP Rminpal = 0, 
which is the Bianchi identity, we get the expression 

2g”17P Rmnpqn = 0. 

This implies P Rmpn = 0. If n = n+ is positive chirality, for example, this 
gives 

in ya Pny Rinp = JP Rmp = 0. 
J is invertible, so this implies that Rmp = 0, and thus the manifold is Ricci- 
flat. o 





EXERCISE 9.8 
Show that Q A Q is proportional to the volume form of the Calabi-Yau 
three-fold that we derived in Exercise 9.1. 
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SOLUTION 


As in the case of Exercise 9.1, this is a nontrivial closed (3,3)-form, so this 
has to be true (up to an exact form) by uniqueness. Still, it is instruc- 
tive to examine the explicit formulas and determine the normalization. By 


definition 


1 
O = Z Narazagdz"! A dz A de®, 


where Qaiazaz = NE Yaiazaz n_. Thus Q A Q becomes 


1 ; E 3 n 
ggd Nae Ade A dz Adz? A dZ” Oe axa, Oe gr 


i an 7 2 i 
= —ag/ AJA Harasa Minn g gg): 


Since 4J A JA J = dV is the volume form, we only need to prove that 
6 
the extra factor is a constant. Because of the properties VmQabe = 0 and 
Ving” = 0, we have 
VimllQ\|* = 0 
where 
1 = = = 
||)? = GF grr goa 


a1a2a3 Qz, b2 b3 7 


IQ]|? is a scalar, and thus it is a constant. It follows that QAQ is —i||Q\|?dV. 














9.5 Deformations of Calabi-Yau manifolds 


Calabi-Yau manifolds with specified Hodge numbers are not unique. Some 
of them are smoothly related by deformations of the parameters characteriz- 
ing their shapes and sizes, which are called moduli. Often the entire moduli 
space of manifolds is referred to as a single Calabi-Yau space, even though 
it is really a continuously infinite family of manifolds. This interpretation 
was implicitly assumed earlier in raising the question whether or not there 
is a finite number of Calabi-Yau manifolds. There can also be more than 
one Calabi-Yau manifold of given Hodge numbers that are topologically dis- 
tinct, with disjoint moduli spaces, since the Hodge numbers do not give a full 
characterization of the topology. On the other hand, when one goes beyond 
the supergravity approximation, it is sometimes possible to identify smooth 
topology-changing transitions, such as the conifold transition described in 
Section 9.8, which can even change the Hodge numbers. 
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This section and the next one explain how the moduli parametrize the 
space of possible choices of undetermined expectation values of massless 
scalar fields in four dimensions. They are undetermined because the effective 
potential does not depend on them, at least in the leading supergravity 
approximation. A very important property of the moduli space of Calabi- 
Yau three-folds is that it is the product of two factors, one describing the 
complex-structure moduli and one describing the Kahler-structure moduli. 

Let us now consider the spectrum of fluctuations about a given Calabi- 
Yau manifold with fixed Hodge numbers. Some of these fluctuations come 
from metric deformations, while others are obtained from deformations of 
antisymmetric tensor fields. 


Antisymmetric tensor-field deformations 


As discussed in Chapter 8, the low-energy effective actions for string theories 
contain various p-form fields with kinetic terms proportional to 


f Davam, (9.82) 


where F, = dA,_;. An example of such a field is the type IIA or type IIB 
three-form H3 = dBy. The equation of motion of this field is!® 


ABy-1 =dx dBy_-1 = 0. (9.83) 


If we compactify to four dimensions on a product space M4 x M, where 
M is a Calabi-Yau three-fold, then the space-time metric is a sum of a four- 
dimensional piece and a six-dimensional piece. Therefore, the Laplacian is 
also a sum of two pieces 


A= A4 + Ae, (9.84) 


and the number of massless four-dimensional fields is given by the number of 
zero modes of the internal Laplacian Ag. These zero modes are counted by 
the Betti numbers bp. The ten-dimensional field B2, for example, can give 
rise to four-dimensional fields that are two-forms, one-forms and zero-forms. 
The number of these fields is summarized in the following table: 





BMN Buw Bun Brn 
p-form in 4D p=2 p=1 p= 
# of fields in 4D bo = 1 b; =0 bp = hi! 


























16 This assumes other terms vanish or can be neglected. 
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The bə scalar fields in this example are moduli originating from the B 
field. More generally, a p-form field gives rise to bp moduli fields. 


Metric deformations 


The zero modes of the ten-dimensional metric (or graviton field) give rise 
to the four-dimensional metric guy and a set of massless scalar fields orig- 
inating from the internal components of the metric gmn. In Calabi-Yau 
compactifications no massless vector fields are generated from the metric 
since bı = 0. A closely related fact is that Calabi-Yau three-folds have no 
continuous isometry groups. 

The fluctuations of the metric on the internal space are analyzed by per- 
forming a small variation 


Jmn — Jmn + Jmn, (9.85) 


and then demanding that the new background still satisfies the Calabi-Yau 
conditions. In particular, one requires 


Rmn(g + ôg) = 0. (9.86) 


This leads to differential equations for dg, and the number of solutions counts 
the number of ways the background metric can be deformed while preserving 
supersymmetry and the topology. The coefficients of these independent 
solutions are the moduli. They are the expectation values of massless scalar 
fields, called the moduli fields. These moduli parametrize changes of the size 
and shape of the internal Calabi-Yau manifold but not its topology. 


A simple example: the torus 

















Fig. 9.4. A rectangular torus can be constructed by identifying opposite sides of a 
rectangle. 


Consider the rectangular torus T? = 9t x S$! displayed in Fig. 9.4. This 
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torus is described by a flat metric. As discussed in Exercise 9.9, it is conve- 
nient to describe a torus using two complex parameters 7 and p, which in 
the present case are related to the two radii by 


T =i and p =iRı Ro. (9.87) 
Rı 


The shape, or complex structure, of the torus is described by 7, while the 
size is described by p. As a result, two transformations can be performed so 
that the torus remains a torus. A complex-structure deformation changes 


T, while a Kähler-structure deformation changes p. These deformations are 
illustrated in Fig. 9.5. 








> + ; > 





Fig. 9.5. Kahler structure deformations and complex structure deformations corre- 
spond to changing the size and shape of a torus respectively. 


Recall that the holomorphic one-form on a torus is given by 
Q = dz. (9.88) 


The complex-structure parameter 7 can then be written as the quotient of 
the two periods 


J 


LS, 
Jp2 
where A and B are the cycles shown in Fig. 9.4. This definition is generalized 


(9.89) 


to Calabi-Yau three-folds in the next section. The rectangular torus is not 
the most general torus. There can be an angle 0 as shown in Fig. 9.6. When 
T has a real part, mirror symmetry!’ only makes sense if p has a real part 
as well. The imaginary part of p then describes the volume, while the real 
part descends from the B field, as explained in Exercise 7.8. 


Deformations of Calabi-Yau three-folds 


In order to analyze the metric deformations of Calabi-Yau three-folds, let us 
use the strategy outlined in the introduction of this section and require that 


17 The mirror symmetry transformation that interchanges 7 and p is discussed in Section 9.9. 
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gmn and gmn + gmn both satisfy the Calabi-Yau conditions. In particular, 
they describe Ricci-flat backgrounds so that 


Rmn(g)=0 and Rinn(g + ôg) = 0. (9.90) 


Some metric deformations only describe coordinate changes and are not of 
interest. To eliminate them one fixes the gauge 


1 
YO Odean = 399m: (9.91) 


where gm = g”?dgmp. Expanding the second equation in (9.90) to linear 
order in 6g and using the Ricci-flatness of g leads to 


VEV kôgmn + 2R 200.70: (9.92) 


This equation is known as the Lichnerowicz equation, which you are asked 

to verify in Problem 9.7. Using the properties of the index structure of the 

metric and Riemann tensor of Kähler manifolds, one finds that the equations 

for the mixed components ôg, and the pure components gab decouple. 
Consider the infinitesimal (1, 1)-form 


ôg zdz? A dZ}, (9.93) 


which is harmonic if (9.92) is satisfied, as you are asked to verify in Prob- 
lem 9.8. We imagine that after the variation g+ôg is a Kähler metric, which 
in classical geometry should be positive definite. The Kähler metric defines 
the Kahler form J = ig,,dz% A dz’, and positivity of the metric is equivalent 
to 


Í JN AJ>0,  r=1,2,3, (9.94) 
T — r—times 
R 


2 


» 











Fig. 9.6. The shape of a torus is described by a complex-structure parameter T. 
The angle @ is the phase of 7. 
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where M, is any complex r-dimensional submanifold of the Calabi-Yau 
three-fold. The subset of metric deformations that lead to a Kahler form 
satisfying Eq. (9.94) is called the Kahler cone. This space is a cone since 
if J satisfies (9.94), so does rJ for any positive number r, as illustrated in 
Fig. 9.7. 


Fig. 9.7. The deformations of the Kahler form that satisfy Eq. (9.94) build the 
Kahler cone. 


The five ten-dimensional superstring theories each contain an NS—NS two- 
form B. After compactification on a Calabi-Yau three-fold, the internal 
(1, 1)-form B,; has htt zero modes, so that this many additional massless 
scalar fields arise in four dimensions. The real closed two-form B combines 
with the Kahler form J to give the complezxified Kahler form 


J=B+is. (9.95) 


The variations of this form give rise to htt massless complex scalar fields 
in four dimensions. Thus, while the Kahler form is real from a geometric 
viewpoint, it is effectively complex in the string theory setting, generalizing 
the complexification of the p parameter of the torus. This procedure is called 
the complezification of the Kahler cone. For M-theory compactifications, 
discussed later, there is no two-form B, and so the Kahler form, as well as 
the corresponding moduli space, is not complexified. 

The purely holomorphic and antiholomorphic metric components gab and 
Jap are zero. However, one can consider varying to nonzero values, thereby 
changing the complex structure. With each such variation one can associate 
the complex (2, 1)-form 


Qareg S ggd" A d2? A dz. (9.96) 


This is harmonic if (9.90) is satisfied. The precise relation to complex- 
structure variations is explained in Section 9.6. 
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9.6 Special geometry 


The mathematics that is needed to describe Calabi-Yau moduli spaces, 
known as special geometry, is described in this section. 


The metric on moduli space 


The moduli space has a natural metric defined on it!®, which is given as 
a sum of two pieces. The first piece corresponds to deformations of the 
complex structure and the second to deformations of the complexified Kahler 
form 


1 £P — 
ds* = TE 99" [5gac5 9a + (59ad59e — Bað Ba)] Ga, (9.97) 


where V is the volume of the Calabi-Yau manifold M. The fact that the 
metric splits into two pieces in this way implies that the geometry of the 
moduli space has a product structure (at least locally) 


M(M) = M?+(M) x MI!(M). (9.98) 


Each of these factors has an interesting geometric structure of its own de- 
scribed below. 


The complexz-structure moduli space 
The Kahler potential 


Let us begin with the space of complex-structure deformations of the metric. 
First we define a set of (2, 1)-forms according to 





1 z f 1 709-7 
La = z (Xa)abedz" ^ dz’ A dz? with (Xalab = -5 ha a (9.99) 
where t?, with a = 1,..., h>? are local coordinates for the complex-structure 


moduli space. Indices are raised and lowered with the hermitian metric, 
so that Qab? = g “Oar, for example. As in Eq. (9.96), these forms are 
harmonic. These relations can be inverted to show that under a deformation 
of the complex structure the metric components change according to 


cd [abe 


1 
(Xa) capt, where I Q [FS Grae’? : 
(9.100) 


OG 





1 
“9b = “TAP 


18 The metric on the moduli space, which is a metric on the parameter space describing deforma- 
tions of Calabi-Yau manifolds, should not be confused with the Calabi—-Yau metric. 
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Writing the metric on moduli space as 
ds? = 2G „gôt st”, (9.101) 


and using Eqs (9.97) and Eq. (9.100) for dg,;, one finds that the metric on 
moduli space is 


a if Xa NX = 
G,got? ot? = — iJ Xa ^X t” Ot. (9.102) 
if QAQ 


Under a change in complex structure the holomorphic (3, 0)-form Q be- 
comes a linear combination of a (3,0)-form and (2,1)-forms, since dz be- 
comes a linear combination of dz and dz. More precisely, 


Do = KaQ+ Xa, (9.103) 


where 0g = 0/0t® and Ka depends on the coordinates t“ but not on the 
coordinates of the Calabi-Yau manifold M. The concrete form of Ka is 
determined below. Moreover, the Xa are precisely the (2, 1)-forms defined 
in (9.99). Exercise 9.10 verifies Eq. (9.103). 

Combining Eqs (9.102) and (9.103) and recalling that G.g = 003K, one 
sees that the metric on the complex-structure moduli space is Kahler with 
Kahler potential given by 


Kk? = — log gE ^ a) l (9.104) 


Exercise 9.9 considers the simple example of a two-dimensional torus and 
shows that the Kahler potential is given by Eq. (9.104) for Q = dz. 


Special coordinates 


In order to describe the complex-structure moduli space in more detail, let 
us introduce a basis of three-cycles A’, By, with I,J = 0,..., ht, chosen 
such that their intersection numbers are 


AN By =-BynNAP=655 and AlN AY =BrNByz=0. (9.105) 


The dual cohomology basis is denoted by (az, 3/). Then 


| a= farno = 6} and Í a = f E nas =-8}. (9.106) 
AJ By 


The group of transformations that preserves these properties is the symplec- 
tic modular group Sp(2h! + 2; Z). 
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In analogy with the torus example, we can define coordinates X/ on the 
moduli space by using the A periods of the holomorphic three-form 


Fel Q with 7=0,...,h?". (9.107) 
Al 


The number of coordinates defined this way is one more than the number of 
moduli fields. However, the coordinates X7 are only defined up to a complex 
rescaling, since the holomorphic three-form has this much nonuniqueness. 
To take account of this factor consider the quotient!’ 


xX“ 2,1 
S. with Se adie a (9.108) 
where the index a now excludes the value 0. This gives the right number 
of coordinates to describe the complex-structure moduli. Since the X7 give 


the right number of coordinates to span the moduli space, the B periods 


ies | Q (9.109) 
Br 


must be functions of the X, that is, Fr = F(X). It follows that 


Q = Xfa; = F(X)". (9.110) 
A simple consequence of Eq. (9.103) is 
fo A ðM =0, (9.111) 
which implies 
OF 10 
_ yd J J 
or, equivalently, 
F 1 
Fr = — where F = P (9.113) 


As a result, all of the B periods are expressed as derivatives of a single 
function F called the prepotential. Moreover, since 


oF = xi (9.114) 


F is homogeneous of degree two, which means that if we rescale the coordi- 
nates by a factor À 


POX) = F(X): (9.115) 


19 As usual in this type of construction, these coordinates parametrize the open set X? 4 0. 
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Since the prepotential is defined only up to an overall scaling, strictly speak- 
ing it is not a function but rather a section of a line bundle over the moduli 
space. 

The prepotential determines the metric on moduli space. Using the gen- 
eral rule for closed three-forms a and 8 


fere=-S uae fy fo). (9.116) 


the Kahler potential (9.104) can be rewritten in the form 


h21 
eK = iS (TF, z X'F) (9.117) 
I=0 


as you are asked to verify in a homework problem. As a result, the Kahler 
potential is completely determined by the prepotential F, which is a holo- 
morphic homogeneous function of degree two. This type of geometry is 
called special geometry. 

An important consequence of the product structure (9.98) of the moduli 
space is that the complex-structure prepotential F is exact in a’. Indeed, 
the a’ expansion is an expansion in terms of the Calabi-Yau volume V, 
which belongs to M!1+(M), and it is independent of position in M?!(M), 
that is, the complex structure.2? When combined with mirror symmetry, 
this important fact provides insight into an infinite series of stringy a’ cor- 
rections involving the Kahler-structure moduli using a classical geometric 
computation involving the complex-structure moduli space only. 


The Kahler transformations 


The holomorphic three-form 2 is only determined up to a function f, which 
can depend on the moduli space coordinates X/ but not on the Calabi-Yau 
coordinates, that is, the transformation 


2 FOO (9.118) 


should not lead to new physics. This transformation does not change the 
Kahler metric, since under Eq. (9.118) 





KN aot FOO) = FO0), (9.119) 


which is a Kahler transformation that leaves the Kahler metric invariant. 


20 Since V and a’ are the only scales in the problem, the only dimensionless quantity containing 
a’ is (a’)3/V. So if one knows the full V dependence, one also knows the full a’ dependence. 
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Equations (9.103) and (9.104) determine Ky to be 


Ka =—0,K". (9.120) 
One can then introduce the covariant derivatives 
Da = ða + Ook", (9.121) 
and write 
Xa = Dah, (9.122) 


which now transforms as Xa > ef) xq. 


The Kähler-structure moduli space 
The Kähler potential 


An inner product on the space of (1,1) cohomology classes is defined by 


1 ca 1 
G(p, 0) = wv A Pad Tre 9 Ga x = wv fe \ x0, (9.123) 


where x denotes the Hodge-star operator on the Calabi-Yau, and p and a 
are real (1,1)-forms. Let us now define the cubic form 





K(p,0,T) = pont, (9.124) 
M 
and recall from Exercise 9.1 that «(J, J, J) = 6V. Using the identity 
1 
xo =-J ^o + ays J, J)IN I (9.125) 
the metric can be rewritten in the form 
1 1 
Gd) = -zy ile, o, J) + gya “(o J, JIB Or J, J). (9.126) 
If we denote by eg a real basis of harmonic (1,1)-forms, then we can 
expand 
J=Bt+iJ=we, with @a=1,..., htt. (9.127) 
The metric on moduli space is then 
1 ð ə 
—_— a = meee Ge 9.128 
Gag = 5Olearea) = aaa (9.128) 


where 


an. 
e a2 JAJAJ =8V. (9.129) 
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A change in the normalization of the right-hand side would correspond to 

shifting the Kahler potential by an inconsequential constant. These equa- 

tions show that the space spanned by w® is a Kahler manifold and the 

Kahler potential is given by the logarithm of the volume of the Calabi—-Yau. 
We also define the intersection numbers 


Kaby = K(€a, eB, ey) T= Jo A eB A ey (9.130) 


and use them to form 


ial Kopywrwrw 
6 w? 





1 
G(w) Fo [IRIKI (9.131) 


which is analogous to the prepotential for the complex-structure moduli 
space. Here we have introduced one additional coordinate, namely w®, in 
order to make G(w) a homogeneous function of degree two. Then we find 


hil = 
Zs o. aG 40G 
= .132 
e ps (« 7g4 O AS (9.132) 





where now the new coordinate w® is included in the sum. In Eq. (9.132) it 
is understood that the right-hand side is evaluated at w? = 1. A homework 
problem asks you to verify that Eq. (9.132) agrees with Eq. (9.129). 


The form of the prepotential 


To leading order the prepotential is given by Eq. (9.131). However, note that 
the size of the Calabi-Yau belongs to M1!!(M) and as a result a’ corrections 
are possible. So Eq. (9.131) is only a leading-order result. However, the 
corrections are not completely arbitrary, because they are constrained by 
the symmetry. First note that the real part of w% is determined by B, 
which has a gauge transformation. This leads to a Peccei-Quinn symmetry 
given by shifts of the fields by constants £% 


dw? = °. (9.133) 


Together with the fact that G(w) is homogeneous of degree two, this implies 
that perturbative corrections take the form 


kapgcwfwP w? 


G(w) = i + iV(w?)?, (9.134) 





where Y is a constant. Note that the coefficient of (w0)? is taken to be 
purely imaginary. Any real contribution is trivial since it does not affect the 
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Kahler potential. The result, which was derived by using mirror symmetry, 
is 
¢(3) 
2(27)3 
where y(M) = 2(h!! — h?+) is the Euler characteristic of the manifold. 
Nonperturbatively, the situation changes, since the Peccei-Quinn symme- 


y= 





x(M), (9.135) 


tries are broken and corrections depending on w% become possible. It turns 
out that sums of exponentially suppressed contributions of the form 


exp (- A ) ; (9.136) 


a'w? 





where Ca are constants, are generated. These corrections arise due to in- 
stantons, as is discussed in Section 9.8. 





EXERCISES 





EXERCISE 9.9 

Use the definition (9.97) to show that the metric on the complex-structure 
moduli space of a two-dimensional torus is Kähler with Kähler potential 
given by 


K = -log (i fo A 0) and Q = dz. (9.137) 


SOLUTION 


As we saw in Exercise 7.8, a two-torus compactification, with complex- 
structure modulus 7 = 71 + i72, can be described by a metric of the form 


1 “ +78 o 
g=— 
T2 Ti 1 
Here we are setting B = 0 and ydetg = 1, since we are interested in 
complex-structure deformations. The torus metric then takes the form 


ds? = 2 (r? + ts) dx? + 27, dxady + dy” = 2gz:dzdz, 
2 


where we have introduced a complex coordinate defined by 
1 


dz = dy + tdz and gzz ==: 
272 
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For these choices the Kahler potential is 


K = -log (i fa: A az) = — log(2r2). 


This gives the metric 
1 
G7 = 0,02K = 722° 
4T; 
Under a change in complex structure T — T + dr the metric components 
change by 
dt d7 
0922 = 272 and ôgzz = re" 
Using the definition of the metric on moduli space (9.97) we find the moduli- 
space metric 





1 a dtdt 
2 eee 2 Vives 
ds“ = 2G,-dtd7 = 3V (g) ôgzzôgzzy/ gd" x£ = 7 
in agreement with the computation based on the Kähler potential. o 





EXERCISE 9.10 
Prove that 0gQ = KaQ+ Xa, where the Xa are the (2,1)-forms defined in 
Eq. (9.99). 


SOLUTION 
By definition 
1 
Q= g Povedz" A dz’ A dz, 


so the derivative gives 


1 Nabe O(dz°) 
6 Ot ote 
The first term is a (3,0)-form, while the derivative of dz° is partly a (1, 0)- 


form and partly a (0, 1)-form. Since the exterior derivative d is independent 
of t“, 0Q/Ot® is closed, and hence 


A0/at® € HE) g HOD, 


aN = 








1 
dz* \ dz’ ^ dz + z Maredz" Adz’ ^ 


Now we are going to show that the (2,1)-form here is exactly the yq in 
Eq. (9.99). By Taylor expansion we have 


z(t% + 8t) = 2° (t%) + MESES, 
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which implies that 


(dz) OMe aMe ; 








=dMé= i a Fa 
aia dM. pzd dz azi Zz 
Therefore, the (2, 1)-form is equal to 
1 OM< 7 
ENa 2 dz" A dz? Adz’. 
2 oz 


We want to show that this is equal to 





1 z ( 99a Bia 
~ = -Qa r ce e a i 
X i beg (See) az Adz ^ dz 


Therefore, we need to show that 


OMe _ l æ gz 
ðzi 2 ote j` 





Differentiating the hermitian metric ds? = 2g,zdz*dz? in the same way that 
we did the holomorphic three-form gives the desired result 
oge OMS 
ide = —29ce ea 
ote oza 








9.7 Type IIA and type IIB on Calabi—Yau three-folds 


The compactification of type IIA or type IIB superstring theory on a Calabi- 
Yau three-fold M leads to a four-dimensional theory with M = 2 supersym- 
metry. The metric perturbations and other scalar zero modes lead to moduli 
fields that belong to V = 2 supermultiplets. These supermultiplets can be 
either vector multiplets or hypermultiplets, since these are the only massless 
N = 2 supermultiplets that contain scalar fields. 


D=4, N =2 supermultiplets 


Massless four-dimensional supermultiplets have a structure that is easily 
derived from the superalgebra by an analysis that corresponds to the mass- 
less analog of that presented in Exercise 8.2. The physical states are labeled 
by their helicities, which are Lorentz-invariant quantities for massless states. 
For N-extended supersymmetry the multiplet is determined by the maximal 
helicity with the rest of the states having multiplicities given by binomial 
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coefficients. When the multiplet is not TCP self-conjugate, one must also 
adjoin the conjugate multiplet.! 

In the case of NV = 2 this implies that the supermultiplet with maximal 
helicity 2 also has two helicity 3/2 states, and one helicity 1 state. Adding 
the TCP conjugate multiplet (with the opposite helicities) gives the M = 2 
supergravity multiplet, which contains one graviton, two gravitinos and one 
graviphoton. If the maximal helicity is 1, and one again adds the TCP con- 
jugate, the same reasoning gives the M = 2 vector multiplet, which contains 
one vector, two gauginos and two scalars. Finally, the multiplet with max- 
imal helicity 1/2, called a hypermultiplet contains two spin 1/2 fields and 
four scalars. In each of these three cases there is a total of four bosonic and 
four fermionic degrees of freedom. 


Type IITA 


When the type IIA theory is compactified on a Calabi-Yau three-fold M, the 
resulting four-dimensional theory contains Att abelian vector multiplets and 
h>! + 1 hypermultiplets. The scalar fields in these multiplets parametrize 
the moduli spaces. There is no mixing between the two sets of moduli, so 
the moduli space can be expressed in the product form 


M?"+(M) x M?1(M). (9.138) 


Each vector multiplet contains two real scalar fields, so the dimension of 
M!1(M) is 2htt. In fact, this space has a naturally induced geometry that 
promotes it into a special-Kéhler manifold (with a holomorphic prepoten- 
tial). Each hypermultiplet contains four real scalar fields, so the dimen- 
sion of M?(M) is 4(h?! + 1). This manifold turns out to be of a special 
type called quaternionic Kähler.?”? These geometric properties are inevitable 
consequences of the structure of the interaction of vector multiplets and hy- 
permultiplets with M = 2 supergravity. The massless field content of the 
compactified type IIA theory is explored in Exercise 9.12. 


Type IIB 


Compactification of the type IIB theory on a Calabi—Yau three-fold W yields 
hœ! abelian vector multiplets and h!!+1 hypermultiplets. The correspond- 
21 The only self-conjugate multiplets in four dimensions are the M = 4 vector multiplet and the 


N = 8 supergravity multiplet. 
22 Note that quaternionic Kahler manifolds are not Kahler. The definition is given in the appendix. 
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ing moduli space takes the form 
Mt (W) x M?1(W). (9.139) 


In this case the situation is the opposite to type IIA, in that M?1(W) 
is special Kahler and M1!+(W) is quaternionic Kahler. The massless field 
content of the compactified type IIB theory is explored in Exercise 9.13. 
For each of the type II theories the dilaton belongs to the universal hyper- 
multiplet, which explains the extra hypermultiplet in each case. This scalar 
is complex because there is a second scalar, an avion a, which is the four- 
dimensional dual of the two-form B,, (dB = xda). The complex-structure 
moduli, being associated with complex (2, 1)-forms, are naturally complex. 
The ht! Kahler moduli are complex due to the B-field contribution in the 
complexified Kahler form (J ș +iB,5) as in the case of the heterotic string. 





EXERCISES 





EXERCISE 9.11 
Explain the origin of the massless scalar fields in five dimensions that are 
obtained by compactifying M-theory on a Calabi—Yau three-fold. 


SOLUTION 


The massless fields in 11 dimensions are 


{Gun, Amnp, Yu}. 


Let us decompose the indices of these fields in a SU(3) covariant way, M = 
(u,i,i). The fields belong to the following five-dimensional supermultiplets: 


gravity multiplet : Gyr, Aijk, Apvp, fermions 


htt vector multiplets : A ujk Giz, fermions 


h>! hypermultiplets: A Gx, fermions. 


ijk) 
A five-dimensional duality transformation allows one to replace A vp by a 
real scalar field. The gravity multiplet has eight bosonic and eight fermionic 
degrees of freedom. The other supermultiplets each have four bosonic and 
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four fermionic degrees of freedom. The total number of massless scalar fields 
is 


Ape ae pt +43. 





EXERCISE 9.12 
Consider the type IIA theory compactified on a Calabi-Yau three-fold. Ex- 
plain the ten-dimensional origin of the massless fields in four dimensions. 


SOLUTION 
The massless fields in ten dimensions are 


{Gun, Bun, ®, Cu, Cunp, VP, UY, VO, WO}, 


where PD, y are the two Majorana—Wey] gravitinos of opposite chiral- 


ity, while Y), YO) are the two Majorana-Weyl dilatinos. Writing indices 
in a SU(3) covariant way, M = (,i,7), we can arrange the fields in M = 2 
supermultiplets: 


gravity multiplet: Gv, Yp, Vi, Cy 


G,3, B.z, fermions 


ht! vector multiplets: C ij Bij» 


uij? 


h>! hypermultiplets : Ciji» Gij, fermions 


universal hypermultiplet : Cijk, P, Buv, fermions. 


Byy is dual to a scalar field. Since the fields Cas Gij, Cijk are complex, the 
number of the massless scalar fields is 2h}! + 4h?! + 4. There are ht! + 1 
massless vector fields. 














EXERCISE 9.13 
Consider the type IIB theory compactified on a Calabi-Yau three-fold. Ex- 
plain the ten-dimensional origin of the massless fields in four dimensions. 


SOLUTION 
The massless fields in ten dimensions are 


{Gun, Bun, ©, C, Cun, CMNPQ, v, T, vo), gO, 
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Let us use the same SU(3) covariant notation as in the previous exercise. 
Compactification on a Calabi-Yau three-fold again gives V = 2, D = 4 
supersymmetry. The fields belong to the following supermultiplets: 


gravity multiplet: Gyr, Yp, Ü, Cie 


h?! vector supermultiplets : Cuijk» Gij, fermions 


Gz, Bz, Cz, fermions 


ht! hypermultiplets: C ij Bij ijo 


vij? 
universal hypermultiplet : ©, C, Buv, Cuv, fermions. 

Now taking into account that Gij is complex and that the four-form C has a 

self-duality constraint on its field strength, the total number of the massless 


scalar fields is 2h?! +4(htt +1). The total number of massless vector fields 
is h?1 +1. o 





9.8 Nonperturbative effects in Calabi-Yau compactifications 


Until now we have discussed perturbative aspects of Calabi-Yau compact- 
ification that were understood prior to the second superstring revolution. 
This section and the following ones discuss some nonperturbative aspects 
of Calabi-Yau compactifications that were discovered during and after the 
second superstring revolution. 


The conifold singularity 


In addition to their nonuniqueness, one of the main problems with Calabi- 
Yau compactifications is that their moduli spaces contain singularities, that 
is, points in which the classical description breaks down. By analyzing a 
particular example of such a singularity, the conifold singularity, it became 
clear that the classical low-energy effective action description breaks down. 
Nonperturbative effects due to branes wrapping vanishing (or degenerating) 
cycles have to be taken into account. 

To be concrete, let us consider the type IIB theory compactified on a 
Calabi-Yau three-fold. As we have seen in the previous section, the moduli 
space M?!(M) can be described in terms of homogeneous special coordi- 
nates X/. A conifold singularity appears when one of the coordinates, say 


xis | Q, (9.140) 
Al 


vanishes. The period of Q over A! goes to zero, and therefore A! is called 
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a vanishing cycle. At these points the metric on moduli space generically 
becomes singular. Indeed, the subspace Xt = 0 has complex codimension 1, 
which is just a point if h>! = 1, and so it can be encircled by a closed loop. 
Upon continuation around such a loop the basis of three-cycles comes back 
to itself only up to an Sp(2; Z) monodromy transformation. In general, the 
monodromy is 


Xt> X! and ROR +X'. (9.141) 
This implies that near the conifold singularity 
T= eee 1 
F\(X~) = const + 5 -X log X`. (9.142) 
Ti 


In the simplest case one can assume that the other periods transform triv- 
ially. This result implies that near the conifold singularity the Kähler po- 
tential in Eq. (9.117) takes the form 


K?! ~ log(| X1? log |X1]?). (9.143) 
It follows that the metric Gyz = -ZK is singular at X! = 0. This is 
Ox10x 


a real singularity, and not merely a coordinate singularity, since the scalar 
curvature diverges, as you are asked to verify in a homework problem. 

The singularity of the moduli space occurs for the following reason. The 
Calabi-Yau compactification is a description in terms of the low-energy effec- 
tive action in which the massive fields have been integrated out. At the coni- 
fold singularity certain massive states become massless, and an inconsistency 
appears when such fields have been integrated out. The particular states 
that become massless at the singularity arise from D3-branes wrapping cer- 
tain three-cycles, called special Lagrangian cycles, which are explained in 
the next section. Near the conifold singularity these states becomes light, 
and it is no longer consistent to exclude them from the low-energy effective 
action. 


Supersymmetric cycles 


This section explains how to calculate nonperturbative effects due to Eu- 
clideanized branes wrapping supersymmetric cycles. The world volume of a 
Euclideanized p-brane has p+ 1 spatial dimensions, and it only exists for an 
instant of time. Note that only the world-volume time, and not the time in 
the physical Minkowski space, is Euclideanized. If a Euclideanized p-brane 
can wrap a (p + 1)-cycle in such a way that some supersymmetry is pre- 
served, then the corresponding cycle is called supersymmetric. This gives a 
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contribution to the path integral that represents a nonperturbative instan- 
ton correction to the theory. More precisely, fundamental-string instantons 
give contributions that are nonperturbative in a’, whereas D-branes and 
NS5-branes give contributions that are also nonperturbative in gs.” If the 
internal manifold is a Calabi-Yau three-fold, the values of p for which there 
are nontrivial (p + 1)-cycles are p = —1,1,2,3,5.74 

As was discussed in Chapter 6, type IIA superstring theory contains 
even-dimensional BPS D-branes, whereas the type IIB theory contains odd- 
dimensional BPS D-branes. Each of these D-branes carries a conserved 
R-R charge. So, in addition to fundamental strings wrapping a two-cycle 
and NS5-branes wrapping the entire manifold, one can consider wrapping 
D2-branes on a three-cycle in the IIA case. Similarly, one can wrap D1, 
D3 and D5-branes, as well as D-instantons, in the IIB case. These config- 
urations give nonperturbative instanton contributions to the moduli-space 
geometry, that need to be included in order for string theory to be consis- 
tent. As explained in Section 9.9, these effects are crucial for understanding 
fundamental properties of string theory, such as mirror symmetry. There 
are different types of supersymmetric cycles in the context of Calabi-Yau 


compactifications, which we now discuss.?° 


Special Lagrangian submanifolds 


For Calabi-Yau compactification of M-theory, which gives a five-dimensional 
low-energy theory, the possible instanton configurations arise from M2- 
branes wrapping three-cycles and M5-branes wrapping the entire Calabi- 
Yau manifold. Let us first consider a Euclidean M2-brane, which has a 
three-dimensional world volume. The goal is to examine the conditions un- 
der which a Euclidean membrane wrapping a three-cycle of the Calabi-Yau 
manifold corresponds to a stationary point of the path-integral-preserving 
supersymmetry. Once this is achieved, the next step is to determine the cor- 
responding nonperturbative contribution to the low-energy five-dimensional 
effective action. 

The M2-brane in 11 dimensions has a world-volume action, with global 
supersymmetry and local k symmetry, whose form is similar to the actions 
for fundamental superstrings and D-branes described in Chapters 5 and 6. 
As in the other examples, in flat space-time this action is invariant under 


23 The gs dependence is contained in the tension factor that multiplies the world-volume actions. 

24 A p-brane with p = —1 is the D-instanton of the type IIB theory. 

25 A vanishing potential for the tensor fields is assumed here. The generalization to a nonvanishing 
potential is known. 
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global supersymmetry 
6O@-e and 6,X™“ = iero, (9.144) 


where XM (o°), with M =0,...,10, describes the membrane configuration 
in space-time. © is a 32-component Majorana spinor, and € is a constant 
infinitesimal Majorana spinor. However, the question arises how much of this 
supersymmetry survives if a Euclideanized M2-brane wraps a three-cycle of 
the compactification. The M2-brane is also invariant under fermionic local 
k symmetry, which acts on the fields according to 


kO =2PiK(c) and 6,X™“ = 00r Py xK(o), (9.145) 


where « is an infinitesimal 32-component Majorana spinor, and P+ are or- 





thogonal projection operators defined by 








r , 
Pe = 5 (1 + eet KM XVX T uve) (9.146) 
The key to the analysis is the observation that a specific configuration 
X™(o%) (and © = 0) preserves the supersymmetry corresponding to a par- 
ticular £ transformation, if this transformation can be compensated by a «K 
transformation. In other words, there should exist a (ø) such that 


ôO + 6,0 = E€ + 2P k(o) = 0. (9.147) 
By acting with P_ this implies 
P_e=0. (9.148) 


This equation is equivalent to the following two conditions:7° 


e The 11 coordinates X™ consist of X” and X7, which refer to Calabi-Yau 
coordinates, and X“, which is the coordinate in five-dimensional space- 
time. In the supersymmetric instanton solution, X“ = XË is a constant, 
and the nontrivial embedding involves the other coordinates. The first 
condition is 


Bia X Op) X? 1g = 0. (9.149) 
The meaning of this equation is that the pullback of the Kahler form of 
the Calabi-Yau three-fold to the membrane world volume vanishes. 
e The second condition is?” 
aXX? OX Nabe = eP e En gy. (9.150) 


26 The equivalence of Eq. (9.148) and the conditions (9.149) and (9.150) is proved in Exercise 9.15. 
27 €qgy is understood to be a tensor here. Otherwise a factor of vG, where Gag is the induced 
metric, would appear. 


9.8 Nonperturbative effects in Calabi-Yau compactifications 407 


The meaning of this equation is that the pullback of the holomorphic 
(3, 0)-form Q of the Calabi-Yau manifold to the membrane world volume 
is proportional to the membrane volume element. The complex-conjugate 
equation implies the same thing for the (0,3)-antiholomorphic form Q. 
The phase y is a constant that simply reflects an arbitrariness in the 
definition of Q. The factor e*, where K is given by 

K= a = Kat, (9.151) 
is a convenient normalization factor. The term K? is a function of the 
complex moduli belonging to h?:! hypermultiplets. K+! is a function of 
the real moduli belonging to htt vector supermultiplets. 


The supersymmetric three-cycle conditions (9.149) and (9.150) define a 
special Lagrangian submanifold. When these conditions are satisfied, there 
exists a nonzero covariantly constant spinor of the form € = Pin. Thus, 
the conclusion is that a Euclidean M2-brane wrapping a special Lagrangian 
submanifold of the Calabi-Yau three-fold gives a supersymmetric instanton 
contribution to the five-dimensional low-energy effective theory. 

The conditions (9.149) and (9.150) imply that the membrane has mini- 
mized its volume. In order to derive a bound for the volume of the membrane 
consider 


f et P! P edo > o0, (9.152) 
x 


where © is the membrane world volume. Since 


PP =PP =P, (9.153) 





the inequality becomes 


2V > e£ (w Q+ ee] a) , (9.154) 
x x 


where y is a phase which can be adjusted so that we obtain 


E 


The bound is saturated whenever the membrane wraps a supersymmetric 


cycle C, in which case 
l ol (9.156) 
C 


Type IIA or type IIB superstring theory, compactified on a Calabi-Yau 
three-fold, also has supersymmetric cycles, which can be determined in a 


Vee" (9.155) 








ya=e*% 
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similar fashion. As in the case of M-theory, the type IIA theory receives 
instanton contributions associated with a D2-brane wrapping a special La- 
grangian manifold. These contributions have a coupling constant depen- 
dence of the form exp(—1/g;), because the D2-brane tension is proportional 
to 1/gs. 


Black-hole mass formula 


When the type IIB theory is compactified on a Calabi-Yau three-fold, four- 
dimensional supersymmetric black holes can be realized by wrapping D3- 
branes on special Lagrangian three-cycles. In the present case the bound 
for the mass of the black holes takes the form 


[eo [ oar, (9.157) 


where T is the three-form that is Poincaré dual to the cycle C. Here we are 
assuming that the mass distribution on the D3-brane is uniform. Letting 


T= q'ar — prf, (9.158) 


M > ek? /2 = ek? /2 











we can introduce special coordinates and use the expansion (9.110) to obtain 
the BPS bound 


M > e2 |p xX! — ql Fr. (9.159) 


For BPS states the inequality is saturated, and the mass is equal to the 
absolute value of the central charge Z in the supersymmetry algebra. Thus 
Eq. (9.157) is also a formula for |Z|. As a result, BPS states become massless 
when a cycle shrinks to zero size. The above expression relating the central 
charge to the special coordinates plays a crucial role in the discussion of the 
attractor mechanism for black holes which will be presented in chapter 11. 


Holomorphic cycles 


In the case of type II theories other supersymmetric cycles also can con- 
tribute. For example, some supersymmetry can be preserved if a Euclidean 
type IIA string world sheet wraps a holomorphic cycle. This means that the 
embedding satisfies 


OX*=0 and dX%=0, (9.160) 
in addition to X” = X}'. Thus, the complex structure of the Euclideanized 
string world sheet is aligned with that of the Calabi-Yau manifold. In this 
case, one says that it is holomorphically embedded. Recall that the type IIA 
theory corresponds to M-theory compactified on a circle. Therefore, from the 
M-theory viewpoint this example corresponds to a solution on M4 x St x M 


9.8 Nonperturbative effects in Calabi-Yau compactifications 409 


in which a Euclidean M2-brane wraps the circle and a holomorphic two-cycle 
of the Calabi-Yau. 





EXERCISES 





EXERCISE 9.14 
Show that the submanifold X = X is a supersymmetric three-cycle inside 
the Calabi-Yau three-fold given by a quintic hypersurface in CP%*. 


SOLUTION 


To prove the above statement, we should first check that the pullback of 
the Kahler form is zero. This is trivial in this case, because X — X under 
the transformation J — —J. On the other hand, the pullback of J onto the 
fixed surface X = X should give J — J, so the pullback of J is zero. 

Now let us consider the second condition, and compute the pullback of 
the holomorphic three-form. The equation for a quintic hypersurface in CP* 
discussed in Section 9.3 is 


5 
Sy a6. 
m=1 


Defining inhomogeneous coordinates Y = X*/X*, with k = 1,2,3,4, on 
the open set X° 4 0, the holomorphic three-form can be written as 

_ dY¥*AdY* Ady? 

z (Y4) 





The norm of Q is 


1 =abc 1 
OA = ERa = —. 
| | 6 abc âY 4]8 


where g = detg,;. Using Eqs (9.104) and (9.129), as well as Exercise 9.8, 
one has 


Z oer 
ee = ifa AD = V|]? = 50 o]? 


which implies that 
IQ? = 8e%*, 
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where K = 5(K!1 — K+). It follows that 


e 72k 


g= sY 4E 


The pullback of the metric gives 
hag = 28aY "gaz 0Y” 


SO 
-K 
Vh = y8ĝ| det(aY)| = | det(ðY) Sa 


Now we can calculate the pullback of the holomorphic (3, 0)-form 


OnY lð Y? Y" , 
Og¥ r Oy Vas = ae ray . =x. eX h Eapy, 














which is what we wanted to show. 





EXERCISE 9.15 

Derive the equivalence between Eq. (9.148) and Eqs (9.149) and (9.150). 
For M-theory on Ms x M, where M is a Calabi-Yau three-fold, the M-theory 
spinor € has the decomposition 


E=ASMN+MN 8n, 


where A is a spinor on Ms, and 74 are Weyl spinors on the Calabi-Yau 
manifold. So the condition (9.148) takes the form 





(1 ze se X 3g X” 0X” a) (en + c.c.) =0, 


where m, n, p label real coordinates of the internal Calabi-Yau manifold. 
Let us focus on the 7; terms and take account of the complex-conjugate 
terms at the end of the calculation. 

The formula can be simplified by using complex coordinates X% and X, 
as in the text, and the conditions yan, = 0. This implies that Yaben+ = 0 
and Yabzn+ = 0. The nonzero terms are 


Yaten = —2i Jaan 
and 

Yaba+ = e~ Mazen. 
The first of these relations follows from the {ya, y5} = 29,, and Jag = i9,5- 
The second one is an immediate consequence of the complex conjugate of 
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Qabe = e ENE Yaben- and nEn- = 1. The dependence on K reflects a choice 
of normalization of Q. The arbitrary phase 0 could have been absorbed 
into 7+ earlier, but then it would reappear in this equation reflecting an 
arbitrariness in the phase of 2. 

Now we can write the above condition as 


en, iis gel Ag X IGX X E Qaes 


~~ 9.00719, X" 08X" XE J gyen, + c-c. = 0. 


Because 7_, yan-, N+, Yan+ are linearly independent, this is equivalent to 
the following two conditions: 





0919, X%0gX°O,X*I,5 = 0 
and 
ee PTEE O OR E Oat =0. 
Because the first equation is satisfied for all č, we have 
Bia X13 X? Ig = 0, 
which is exactly Eq. (9.149). The second equation can be written as 
Oa XOX? IX Nase = te eX eng, 





Setting e~’? = —ie~?"" gives Eq. (9.150). 











9.9 Mirror symmetry 


As T-duality illustrated, the geometry probed by point particles is different 
from the geometry probed by strings. In string geometry a circle of radius R 
can be equivalent to a circle of radius a’ /R, providing a simple example of the 
surprising properties of string geometry. A similar phenomenon for Calabi- 
Yau three-folds, called mirror symmetry, is the subject of this section. 

The mirror map associates with almost? any Calabi-Yau three-fold M 
another Calabi—Yau three-fold W such that 


H?4(M) = H? (W). (9.161) 
This conjecture implies, in particular, that h!4(M) = h?!(W) and vice 


28 In the few cases where this fails, there still is a mirror, but it is not a Calabi-Yau manifold. 
However, it is just as good for string theory compactification purposes. This happens, for 
example, when M has h>! = 0, since any Calabi-Yau manifold W has h!! > 1. 
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versa. An early indication of mirror symmetry was that the space of thou- 
sands of string theory vacua appears to be self-dual in the sense that if a 
Calabi-Yau manifold with Hodge numbers (h!t, h?:') exists, then another 
Calabi-Yau manifold with flipped Hodge numbers (h?!,h1+) also exists. 
The set of vacua considered were known to be only a sample, so perfect 
matching was not expected. In fact, a few examples in this set had no 
candidate mirror partners. This was shown in Fig. 9.1. 

These observations lead to the conjecture that the type IIA superstring 
theory compactified on M is exactly equivalent to the type IIB superstring 
theory compactified on W. This implies, in particular, an identification of 
the moduli spaces: 


M'(M) =M?21(W) and M?(W) = M?1(M). (9.162) 


This is a highly nontrivial statement about how strings see the geometry of 
Calabi-Yau manifolds, since M and W are in general completely different 
from the classical geometry point of view. Indeed, even the most basic 
topology of the two manifolds is different, since the Euler characteristics are 
related by 


x(M) = -x(W). (9.163) 


Nonetheless, the mirror symmetry conjecture implies that the type IIA the- 
ory compactified on M and the type IIB theory compactified on W are dual 
descriptions of the same physics, as they give rise to isomorphic string the- 
ories. A second, and genuinely different, possibility is given by the type IIA 
theory compactified on W, which (by mirror symmetry) is equivalent to the 
type IIB theory compactified on M. 

Mirror symmetry is a very powerful tool for understanding string geome- 
try. To see this note that the prepotential of the type IIB vector multiplets 
is independent of the Kahler moduli and the dilaton. As a result, its depen- 
dence on a’ and gs is exact. Mirror symmetry maps the complex-structure 
moduli space of type IIB compactified on W to the Kahler-structure moduli 
space of type IIA on the mirror M. The type IIA side does receive cor- 
rections in a’. As a result, a purely classical result is mapped to an (in 
general) infinite series of quantum corrections. In other words, a classical 
computation of the periods of Q in W is mapped to a problem of counting 
holomorphic curves in M. Both sides should be exact to all orders in gs, 
since the IIA dilaton is not part of M'!(M) and the IIB dilaton is not part 
of M?!(W). 

Let us start by discussing mirror symmetry for a circle and a torus. These 
simple examples illustrate the basic ideas. 
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Fig. 9.8. T-duality transforms a circle of radius R into a circle of radius 1/R. This 
duality is probably the origin of mirror symmetry. 


The circle 


The simplest example of mirror symmetry has already been discussed ex- 
tensively in this book. It is T-duality. Chapter 6 showed that, when the 
bosonic string is compactified on a circle of radius R, the perturbative string 


(a) (ZF) 


Nr- N, = WK. (9.165) 


spectrum is given by 


1 1 
a! M? =a 





+2N; +2Np — 4, (9.164) 








with 


These equations are invariant under interchange of W and K, provided 
that one simultaneously sends R — &'/R as illustrated in Fig. 9.8. This 
turns out to be exactly true for the full interacting string theory, at least 
perturbatively. 


The torus 


One can also illustrate mirror symmetry for the two-torus T? = S1 x St, 
where the first circle has radius Rı and the second circle has radius Ro. 
This torus may be regarded as an S$! fibration over S'. It is characterized 
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by complex-structure and Kähler-structure parameters 


P= ri and p=iR,Ro, (9.166) 
Ry 

as in Section 9.5. Performing a T-duality on the fiber circle sends Rı —> 1/R, 
(for a’ = 1), and as a result the moduli fields of the resulting mirror torus 
are 
-R2 
p= nr 
This shows that under the mirror map the complex-structure and Kähler- 
structure parameters have been interchanged, just as in the case of the 
Calabi-Yau three-fold. 


T = iRı R2 and (9.167) 


T? fibrations 


An approach to understanding mirror symmetry, which is based on T- 
duality, was proposed by Strominger, Yau and Zaslow (SYZ). If mirror sym- 
metry holds, then a necessary requirement is that the spectrum of BPS states 
for the type IIA theory on M and type IIB on W must be the same. Ver- 
ifying this would not constitute a complete proof, but it would give strong 
support to the mirror-symmetry conjecture. That is often the best that can 
be done for duality conjectures in string theory. 

The BPS states to be compared arise from D-branes wrapping supersym- 
metric cycles of the Calabi-Yau. In the case of the type IIA theory, Dp- 
branes, with p = 0,2,4,6, can wrap even-dimensional cycles of the Calabi- 
Yau. However, since only BPS states can be compared reliably, only su- 
persymmetric cycles should be considered. In the simplest case one only 
considers the D0-brane, whose moduli space is the whole Calabi-Yau M, 
since the D0-brane can be located at any point in M. In the type IIB the- 
ory the BPS spectrum of wrapped D-branes arises entirely from D3-branes 
wrapping special Lagrangian three-cycles. 

Since mirror symmetry relates the special Lagrangian three-cycle of W 
to the whole Calabi-Yau manifold M, its properties are very constrained. 
First, the D3-brane moduli space has to have three complex dimensions. 
Three real moduli are provided by the transverse position of the D3-brane. 
The remaining three moduli are obtained by assuming that mirror symmetry 
is implemented by three T-dualities. DO-branes are mapped to D3-branes 
under the action of three T-dualities. After performing the three T-dualities, 
three flat U(1) gauge fields appear in the directions of the D3-brane. These 
are associated with the isometries of three circles which form a three-torus. 


9.10 Heterotic string theory on Calabi—Yau three-folds 415 


As a result, W is a T? fibration over a base B. By definition, a Calabi- 
Yau manifold is a T? fibration if it can be described by a three-dimensional 
base space B, with a three-torus above each point of B assembled so as to 
make a smooth Calabi-Yau manifold. A T? fibration is more general than a 
T? fiber bundle in that isolated T? fibers are allowed to be singular, which 
means that one or more of their cycles degenerate. Turning the argument 
around, M must also be a T? fibration. Mirror symmetry is a fiber-wise 
T-duality on all of the three directions of the T?. A simple example of a 
fiber bundle is depicted in Fig. 9.9. 


Fig. 9.9. A Moebius strip is an example of a nontrivial fiber bundle. It is a line 
segment fibered over a circle S1. Calabi-Yau three-folds that have a mirror are 
conjectured to be T? fibrations over a base B. In contrast to the simple example 
of the Moebius strip, some of the T° fibers are allowed to be singular. 


Since the number of T-dualities is odd, even forms and odd forms are in- 
terchanged. As a result, the (1,1) and (2,1) cohomologies are interchanged, 
as is expected from mirror symmetry. Moreover, there exists a holomor- 
phic three-form on W, which implies that W is Calabi-Yau. The three 
T-dualities, of course, also interchange type IIA and type IIB. 

The argument given above probably contains the essence of the proof of 
mirror symmetry. A note of caution is required though. We already pointed 
out that there are Calabi-Yau manifolds whose mirrors are not Calabi—Yau, 
so a complete proof would need to account for that. The T-duality rules and 
the condition that a supersymmetric three-cycle has to be special Lagrangian 
are statements that hold to leading order in a’, while the full description of 
the mirror W requires, in general, a whole series of a’ corrections. 


9.10 Heterotic string theory on Calabi—Yau three-folds 


As was discussed earlier, the fact that dH is an exact four-form implies that 
tr(RA R) and tr(FAF) = 3Tr(F AF) must belong to the same cohomology 
class. The curvature two-form R takes values in the Lie algebra of the 


416 String geometry 


holonomy group, which is SU(3) in the case of Calabi-Yau compactification. 
Specializing to the case of the Ex x Eg heterotic string theory, F takes values 
in the Eg x Eg Lie algebra. The characteristic class tr(R A R) is nontrivial, 
and so it is necessary that gauge fields take nontrivial background values in 
the compact directions. 

The easiest way — but certainly not the only one — to satisfy the cohomol- 
ogy constraint is for the field strengths associated with an SU(3) subgroup 
of the gauge group to take background values that are equal to those of 
the curvature form while the other field strengths have zero background 
value. More fundamentally, the Yang-Mills potentials A can be identified 
with the potentials that give the curvature, namely the spin connections. 
This method of satisfying the constraint is referred to as embedding the spin 
connection in the gauge group. There are many ways of embedding SU(3) 
inside Eg x Eg and not all of them would work. The embedding is restricted 
by the requirement that the cohomology class of tr(F A F) gives exactly 
the class of tr(R A R) and not just some multiple of it. The embedding 
that satisfies this requirement is one in which the SU(3) goes entirely into 
one Eg factor in such a way that its commutant is Eg. In other words, 
Eg D Eg x SU(3). Thus, for this embedding, the unbroken gauge symmetry 
of the effective four-dimensional theory is Eg x Eg. 

This specific scenario is not realistic for a variety of reasons, but it does 
have some intriguing features that one could hope to preserve in a better 
set-up. For one thing, Ee is a group that has been proposed for grand uni- 
fication. In that context, the gauge bosons belong to the adjoint 78 and 
chiral fermions are assigned to the 27, which is a complex representation. 
This representation might also be used for Higgs fields. Clearly, these rep- 
resentations give a lot of extra fields beyond what is observed, so additional 
measures are required to lift them to high mass or else eliminate them alto- 
gether. 

The presence of the second unbroken Eg also needs to be addressed. The 
important observation is that all fields that participate in standard-model 
interactions must carry nontrivial standard-model quantum numbers. But 
the massless fields belonging to the adjoint of the second Eg are all E¢ sin- 
glets. Fields that belong to nontrivial representations of both Eg s first occur 
for masses comparable to the string scale. Thus, if the string scale is com- 
parable to the Planck scale, the existence of light fields carrying nontrivial 
quantum numbers of the second Eg could only be detected by gravitational- 
strength interactions. These fields comprise the hidden sector. A hidden 
sector could actually be useful. Assuming that the hidden sector has a mass 
gap, perhaps due to confinement, one intriguing possibility is that hidden- 
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sector particles comprise a component of the dark matter. It has also been 
suggested that gaugino condensation in the hidden sector could be the origin 
of supersymmetry breaking. 

The adjoint of Eg, the 248, is reducible with respect to the Eg x SU(3) 
subgroup, with the decomposition 


248 = (78,1) + (1,8) + (27,3) + (27,3). (9.168) 


The massless spectrum in four dimensions can now be determined. There 
are massless vector supermultiplets in the adjoint of Eg x Eg, since this is 
the unbroken gauge symmetry. In addition, there are h!! chiral supermul- 
tiplets containing (complexified) Kahler moduli and A>! chiral supermul- 
tiplets containing complex-structure moduli. These chiral supermultiplets 
are all singlets of the gauge group, since the ten-dimensional graviton is a 
singlet. 

Let us now explain the origin of chiral matter, which belongs to chiral 
supermultiplets. It is easiest to focus on the origin of the scalars and invoke 
supersymmetry to infer that the corresponding massless fermions must also 
be present. For this purpose let us denote the components of the gauge 
fields as follows: 


Am = (Ay; Aa; Aa). (9.169) 


Now let us look for the zero modes of Ag, which give massless scalars in four- 
dimensional space-time. As explained above, the corresponding fermions 
are chiral. The subscript a labels a quantity that transforms as a 3 of 
the holonomy SU(3). However, the embedding of the spin connection in 
the gauge group means that this SU(3) is identified with the SU(3) in 
the decomposition of the gauge group. Therefore, the components of A, 
belonging to the (27, 3) term in the decomposition can be written in the form 
A, sb where 5 labels the components of the 27 and b labels the components 
of the 3. This can be regarded as a (1,1)-form taking values in the 27. 
However, a (1,1)-form has htt zero modes. Thus, we conclude that there 
are htt massless chiral supermultiplets belonging to the 27 of Eg. The next 
case to consider is Aa,sb. To recast this as a differential form, one uses the 
inverse Kahler metric and the antiholomorphic (0, 3)-form to define 


A B Aa, sbg Oe. (9.170) 


adēs 
This is a 27-valued (1, 2)-form. It then follows that there are h>! massless 
chiral supermultiplets belonging to the 27 of Eg. 

As an exercise in group theory, let us explore how the reasoning above 
is modified if the background gauge fields take values in SU(4) or SU(5) 
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rather than SU(3). In the first case, the appropriate embedding would be 
Eg D SO(10) x SU(4), so that the unbroken gauge symmetry would be 
SO(10) x Eg, and the decomposition of the adjoint would be 


248 = (45,1) + (1,15) + (10,6) + (16, 4) + (16, 4). (9.171) 


This could lead to a supersymmetric SO(10) grand-unified theory with gen- 
erations of chiral matter in the 16, antigenerations in the 16 and Higgs 
fields in the 10. This is certainly an intriguing possibility. In the SU(5) 
case, the embedding would be Eg D SU(5) x SU(5), so that the unbroken 
gauge symmetry would be SU(5) x Eg. This could lead to a massless field 
content suitable for a supersymmetric SU(5) grand-unified theory. 

As a matter of fact, there are more complicated constructions in which 
these possibilities are realized. For the gauge fields to take values in SU (4) 
or SU(5), rather than SU(3), requires more complicated ways of solving 
the topological constraints than simply embedding the holonomy group in 
the gauge group. The existence of solutions is guaranteed by a theorem 
of Uhlenbeck and Yau, though the details are beyond the scope of this 
book. For these more general embeddings there is no longer a simple relation 
between the Hodge numbers and the number of generations. 

Starting from a Calabi-Yau compactification scenario that leads to a su- 
persymmetric grand-unified theory, there are still a number of other issues 
that need to be addressed. These include breaking the gauge symmetry to 
the standard-model gauge symmetry and breaking the residual supersym- 
metry. If the Calabi-Yau space is not simply connected, as happens for 
certain quotient-space constructions, there is an elegant possibility. Wilson 
lines W; = exp( 4, A) can be introduced along the noncontractible loops 7; 
without changing the field strengths. The unbroken gauge symmetry is then 
reduced to the subgroup that commutes with these Wilson lines. This can 
break the gauge group to SU(3) x SU(2) x U(1)", where n = 3 for the Eg 
case, n = 2 for the SO(10) case and n = 1 for the SU(5) case. Experimen- 
talists are on the lookout for heavy Z bosons, which would correspond to 
extra U(1) factors. 


9.11 K3 compactifications and more string dualities 


Compactifications of string theory that lead to a four-dimensional space- 
time are of interest for making contact with the real world. However, it is 
also possible to construct other consistent compactifications, which can also 
be of theoretical interest. This section considers a particularly interesting 
class of four-dimensional compact manifolds, namely Calabi—Yau two-folds. 
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As discussed earlier, the only Calabi-Yau two-fold with SU(2) holonomy is 
the K3 manifold. It can be used to compactify superstring theories to six 
dimensions, M-theory to seven dimensions or F-theory to eight dimensions. 


Compactification of M-theory on K3 


M-theory has a consistent vacuum of the form M7 x K3, where M7 represents 
seven-dimensional Minkowski space-time. The compactification breaks half 
of the supersymmetries, so the resulting vacuum has 16 unbroken super- 
symmetries. The moduli of the seven-dimensional theory have two potential 
sources. One source is the moduli-space of K3 manifolds, itself, which is 
manifested as zero modes of the metric tensor on K3. The other source is 
from zero modes of antisymmetric-tensor gauge fields. However, the only 
such field in M-theory is a three-form, and the third cohomology of K3 is 
trivial. Therefore, the three-form does not contribute any moduli in seven 
dimensions, and the moduli space of the compactified theory is precisely the 
moduli space of K3 manifolds. 


Moduli space of K8 


Let us count the moduli of K3. Kahler-structure deformations are given 
by closed (1,1)-forms,?? so their number in the case of K3 is htt = 20. 
Complex-structure deformations in the case of K3 correspond to coefficients 
for the variations 


0Jab ~ acg og T (a - b), (9.172) 


where Q is the holomorphic two-form and wg is a closed (1, 1)-form. This 
variation vanishes if w is the Kahler form, as you are asked to verify in a 
homework problem. Thus, there are 38 real (19 complex) complex-structure 
moduli. Combined with the 20 Kahler moduli this gives a 58-dimensional 
moduli space of K3 manifolds. 

This moduli space is itself an orbifold. The result, worked out by mathe- 
maticians, is Rt x M493, where 


Maig.3 = Mo 3/O(19, 3; Z) (9.173) 


and 
O(19, 3; R) 
O(19, R) x O(3, R) 





M'o3 = (9.174) 


The Rt factor corresponds to the overall volume modulus, and the factor 
M19,3 describes a space of dimension 19 x 3 = 57, as required. In contrast 


29 This is true for any Calabi-Yau n-fold. 
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to the case of Calabi-Yau three-folds, the dependence on Kahler moduli and 
complex-structure moduli does not factorize. The singularities of the moduli 
space correspond to singular limits of the K3 manifold. Typically, one or 
more two-cycles of the K3 manifold degenerate (that is, collapse to a point) 
at these loci. In fact, the Z2 orbifold described in Section 9.3 is such a limit 
in which 16 nonintersecting two-cycles degenerate. 

The proof that this is the right moduli space is based on the observation 
that the coset space characterizes the alignment of the 19 anti-self-dual and 
three self-dual two-forms in the space of two forms. Rather than trying to 
explain this carefully, let us confirm this structure by physical arguments. 


Dual description of M-theory on M7 x K3 
The seven-dimensional theory obtained in this way has exactly the same 
massless spectrum, the same amount of supersymmetry, and the same mod- 
uli space as is obtained by compactifying (either) heterotic string theory on 
a three-torus. Recall that in Chapter 7 it was shown that the moduli space 
of the heterotic string compactified on T” is Mi64njn X R*+, where 


Mis+n,n = Mi64nn/O(16 + n,n; Z) (9.175) 


and 
O(16 + n,n; R) 
O(16 +n, R) x O(n, R) 


Therefore, it is natural to conjecture, following Witten, that heterotic string 





Mi 64nn = (9.176) 


theory on a three-torus is dual to M-theory on K3. 

In the heterotic description, the R* modulus is associated with the string 
coupling constant, which is the vacuum expectation value of exp(®), where 
® is the dilaton. Since this corresponds to the K3 volume in the M-theory 
description, one reaches the following interesting conclusion: the heterotic- 
string coupling constant corresponds to the K3 volume, and thus the strong- 
coupling limit of heterotic string theory compactified on a three-torus cor- 
responds to the limit in which the volume of the K3 becomes infinite. Thus, 
this limit gives 11-dimensional M-theory! This is the same strong-coupling 
limit as was obtained in Chapter 8 for ten-dimensional type IIA superstring 
theory at strong coupling. The difference is that in one case the size of a 
K3 manifold becomes infinite and in the other the size of a circle becomes 
infinite. 

An important field in the heterotic theory is the two-form B, whose 
field strength H includes Chern—Simon terms so that dH is proportional 
to trR?—trF?. In the seven-dimensional K3 reduction of M-theory consid- 
ered here, the B field arises as a dual description of A3. The field A3 also 
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gives rise to 22 U(1) gauge fields in seven dimensions, as required by the 
duality. The Chern-Simons 11-form gives seven-dimensional couplings of 
the B field to these gauge fields of the form required to account for the trF? 
term in the dH equation. To account for the trR? terms it is necessary to 
add higher-dimension terms to the M-theory action of the form f A3 A Xs, 
where Xs is quartic in curvature two-forms. Such terms, with exactly the 
required structure, have been derived by several different arguments. These 
include anomaly cancellation at boundaries as well as various dualities to 
string theories. 


Matching BPS branes 


As a further test of the proposed duality, one can compare BPS branes in 
seven dimensions. One interesting example is obtained by wrapping the 
M5-brane on the K3 manifold. This leaves a string in the seven noncompact 
dimensions. The only candidate for a counterpart in the heterotic theory 
is the heterotic string itself! To decide whether this is reasonable, recall 
that in the bosonic description of the heterotic string compactified on T” 
there are 16 +n left-moving bosonic coordinates and n right-moving bosonic 
coordinates. To understand this from the point of view of the M5-brane, the 
first step is to identify the field content of its world-volume theory. This is 
a tensor supermultiplet in six dimensions, whose bosonic degrees of freedom 
consist of five scalars, representing transverse excitations in 11 dimensions, 
and a two-form potential with an anti-self-dual three-form field strength.°° 
This anti-self-dual three-form F3 gives zero modes that can be expanded as 
a sum of terms 


3 19 
F3= S00 Xtw +500, Xt, (9.177) 
1=1 i=1 


where w4. denote the self-dual and anti-self-dual two-forms of K3, and ô4 X’ 
correspond to the left-movers and right-movers on the string world sheet. 








Since the latter are self-dual and anti-self-dual, respectively, all terms in 
this formula are anti-self-dual. In addition, the heterotic string has five 
more physical scalars, with both left-moving and right-moving components, 
describing transverse excitations in the noncompact dimensions. These are 
provided by the five scalars of the tensor multiplet. 

Recall that the dimensions of a charged p-brane and its magnetic dual 
p'-brane are related in D dimensions by 


pt+p' =D-4. (9.178) 


30 This field has three physical degrees of freedom, so the multiplet contains eight bosons and 
eight fermions, as is always the case for maximally supersymmetric branes. 
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For example, in 11 dimensions, the M5-brane is the magnetic dual of the 
M2-brane. It follows that in the compactified theory, the string obtained by 
wrapping the M5-brane on K3 is the magnetic dual of an unwrapped M2- 
brane. In the ten-dimensional heterotic string theory, on the other hand, the 
magnetic dual of a fundamental string (F1-brane) is the NS5-brane. After 
compactification on T?, the magnetic dual of an unwrapped heterotic string 
is a fully wrapped NS5-brane. Thus, the heterotic NS5-brane wrapped on 
the three-torus corresponds to an unwrapped M2-brane. 
The matching of tensions implies that 


Try = Tms VK3 and TyNss Vrs = Tua (9.179) 
or 
1 Vk3 Vrs 1 
Sate ot Ee d pay ee 9.180 
ag i ggn ene 


where the ~ means that numerical factors are omitted. Combining these 
two relations gives the dimensionless relation 


1/2 3/4 
EUT ~ (Vics fet)?” (9.181) 
The left-hand side of this relation is precisely the seven-dimensional heterotic- 
string coupling constant. This quantifies the earlier claim that gs — oo 
corresponds to VK3 — oo. 


Nonabelian gauge symmetry 


It is interesting to check how nonabelian gauge symmetries that arise in the 
heterotic string theory are understood from the M-theory point of view. We 
learned in Chapter 7 that the generic U(1)?? abelian gauge symmetry of the 
heterotic string compactified on T? is enhanced to nonabelian symmetry at 
singularities of the Narain moduli space, which exist due to the modding out 
by the discrete factor SO(19,3;Z). It was demonstrated in examples that 
at such loci certain spin-one particles that are charged with respect to the 
U(1)s and massive away from the singular loci become massless to complete 
the nonabelian gauge multiplet. The nonabelian gauge groups that appear 
in this way are always of the type A, = SU(n+ 1), Dn = SO(2n), Es, E7, 
Eg, or semisimple groups with these groups as factors. The ADE groups in 
the Cartan classification are the simple Lie groups with the property that 
all of their simple roots have the same length. Such Lie groups are called 
simply-laced. Given the duality that we have found, these results should be 
explainable in terms of M-theory on K3. 

Generically, K3 compactification of M-theory gives 22 U(1) gauge fields 
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in seven dimensions. These one-forms arise as coefficients in an expansion 
of the M-theory three-form A3 in terms of the 22 linearly independent har- 
monic two-forms of K3. The three gauge fields associated with the self-dual 
two-forms correspond to those that arise from right-movers in the heterotic 
description and belong to the supergravity multiplet. Similarly, the 19 gauge 
fields associated with the anti-self-dual two-forms correspond to those that 
arise from left-movers in the heterotic description and belong to the vector 
supermultiplets. 

The singularities of the Narain moduli space correspond to singularities 
of the K3 moduli space. So we need to understand why there should be 
nonabelian gauge symmetry at these loci. Each of these singular loci of 
the K3 moduli space correspond to degenerations of a specific set of two- 
cycles of the K3 surface. When this happens, wrapped M2-branes on these 
cycles give rise to new massless modes in seven dimensions. In particular, 
these should provide the charged spin-one gauge fields for the appropriate 
nonabelian gauge group. 

The way to tell what group appears is as follows. The set of two-cycles 
that degenerate at a particular singular locus of the moduli space has a 
matrix of intersection numbers, which can be represented diagrammatically 
by associating a node with each degenerating cycle and by connecting the 
nodes by a line for each intersection of the two cycles. Two distinct cycles 
of K3 intersect either once or not at all, so the number of lines connecting 
any two nodes is either one or zero. 

The diagrams obtained in this way look exactly like Dynkin diagrams, 
which are used to describe Lie groups. However, the meaning is entirely 
different. The nodes of Dynkin diagrams denote positive simple roots, whose 
number is equal to the rank of the Lie group, and the number of lines 
connecting a pair of nodes represents the angle between the two roots. For 
example, no lines represents 7/4 and one line represents 27/3. For simply- 
laced Lie groups these are the only two cases that occur. 

Mathematicians observed long ago that the intersection diagrams of de- 
generating two-cycles of K3 have an ADE classification, but it was com- 
pletely mysterious what, if anything, this has to do with Lie groups. M- 
theory provides a beautiful answer. The diagram describing the degener- 
ation of the K3 is identical to the Dynkin diagram that describes the re- 
sulting nonabelian gauge symmetry in seven dimensions. The ADE Dynkin 
diagrams are shown in Fig. 9.10. The simplest example is when a single 
two-cycle degenerates. This is represented by a single node and no lines, 
which is the Dynkin diagram for SU(2). This case was examined in detail 
from the heterotic perspective in Chapter 7. A somewhat more complicated 
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example is the degeneration corresponding to the T+/Z» orbifold discussed 
in Section 9.3. In this case 16 nonintersecting two-cycles degenerate, which 
gives [SU(2)]!° gauge symmetry (in addition to six U(1) factors). Similarly, 
the Z3 orbifold considered in Exercise 9.2 gives [SU(3)]® gauge symmetry 
(in addition to four U(1) factors). The number of U(1) factors is determined 
by requiring that the total rank is 22. 
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Fig. 9.10. The Dynkin diagrams of the simply-laced Lie algebras. 


Type IIA superstring theory on K3 


Compactification of the type ITA theory on K3 gives a nonchiral theory with 
16 unbroken supersymmetries in six dimensions. This example is closely re- 
lated to the preceding one, because type IIA superstring theory corresponds 
to M-theory compactified on a circle. Compactifying the seven-dimensional 
theory of the previous section on a circle, this suggests that the type HA 
theory on K3 should be dual to the heterotic theory on T4. A minimal spinor 
in six dimensions has eight components, so this is an M = 2 theory from 
the six-dimensional viewpoint. Left-right symmetry of the type IIA theory 
implies that the two six-dimensional supercharges have opposite chirality, 
which agrees with what one obtains in the heterotic description. 

Let us examine the spectrum of massless scalars (moduli) in six dimensions 
from the type IIA perspective. As in the M-theory case, the metric tensor 
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gives 58 moduli. In addition to this, the dilaton gives one modulus and the 
two-form Bə gives 22 moduli, since b2(K3) = 22. The R-R fields C1 and C3 
do not provide any scalar zero modes, since b} = b3 = 0. Thus, the total 
number of moduli is 81. The heterotic string compactified on T4 also has 
an 81-dimensional moduli space, obtained in Chapter 7, 


Rt x Moo,4. (9.182) 


Thus, this should also be what one obtains from compactifying the type 
IIA superstring theory on K3. The R* factor corresponds to the heterotic 
dilaton or the type IIA dilaton, so these two fields need to be related by the 
duality. 

We saw above that the 58 geometric moduli contain 38 complex-structure 
moduli and 20 Kahler-structure moduli. Of the 22 moduli coming from 
Bə the 20 associated with (1,1)-forms naturally combine with the 20 ge- 
ometric Kahler-structure moduli to give 20 complexified Kahler-structure 
moduli, just as in the case of Calabi-Yau compactification described earlier. 
Altogether the 80-dimensional space M20,4 is parametrized by 20 complex 
Kahler-structure moduli and 20 complex-structure moduli. There is a mir- 
ror description of the type IIA theory compactified on K3, which is given by 
type IIA theory compactified on a mirror K3 in which the Kahler-structure 
moduli and complex-structure moduli are interchanged. While this is anal- 
ogous to what we found for Calabi-Yau three-fold compactification, there 
are also some significant differences. For one thing, the two sets of mod- 
uli are incorporated in a single moduli space rather than a product of two 
separate spaces. Also, type IIA is related to type IIA, whereas in the Calabi- 
Yau three-fold case type IIA was related to type IIB. In that case, we used 
the SYZ argument to show that, when the Calabi-Yau has a T? fibration, 
this could be understood in terms of T-duality along the fibers. The cor- 
responding statement now is that, when K3 has a T? fibration, the mirror 
description can be deduced by a T-duality along the fibers. The reason type 
IIA is related to type IIA is that this is an even number (two) of T-duality 
transformations. 

Let us now investigate the relationship between the two dilatons, or equiv- 
alently the two string coupling constants, by matching branes. The analysis 
is very similar to that considered for the previous duality. For the purpose 
of this argument, let us denote the string coupling and string scale of the 
type IIA theory by ga and £4 and those of the heterotic theory by gy and 
fy. Equating tensions of the type IIA NS5-brane wrapped on K3 and the 
heterotic string as well as the heterotic NS5-brane wrapped on T4 and the 
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1 Ve Ve ° 





E ~ ne and ZE ~ E (9.183) 
Let us now define six-dimensional string coupling constants by 
gén = Ji (Vara) and gea = 9h (Ves /4) . (9.184) 
Then these relations can be combined to give 
96H ~ Goa (9.185) 


This means that the relation between the two six-dimensional theories is 
an S-duality that relates weak coupling and strong coupling, just like the 
duality relating the two SO(32) superstring theories in ten dimensions. 


Type IIB superstring theory on K3 


Compactification of type IIB superstring theory on K3 gives a chiral the- 
ory with 16 unbroken supersymmetries in six dimensions. The two six- 
dimensional supercharges have the same chirality. The massless sector in 
six dimensions consists of a chiral M = 2 supergravity multiplet coupled 
to 21 tensor multiplets. This is the unique number of tensor multiplets for 
which anomaly cancellation is achieved. The chiral M = 2 supergravity has 
a USp(4) ~ SO(5) R symmetry, and there is an SO(21) symmetry that 
rotates the tensor multiplets. In fact, in the supergravity approximation, 
these combine into a noncompact SO(21,5) symmetry. However, as always 
happens in string theory, this gets broken by string and quantum corrections 
to the discrete duality subgroup SO(21, 5; Z). 

The gravity multiplet contains five self-dual three-form field strengths, 
while each of the tensor multiplets contains one anti-self-dual three-form 
field strength and five scalars. This is the same multiplet that appears on 
the world volume of an M5-brane, discussed a moment ago. It is the only 
massless matter multiplet that exists for chiral V = 2 supersymmetry in six 
dimensions. Most of the three-form field strengths come from the self-dual 
five-form in ten dimensions as a consequence of the fact that K3 has three 
self-dual two-forms (b} = 3) and 19 anti-self-dual two-forms (by = 19). 
The additional two self-dual and anti-self-dual three-forms are provided by 
F = dC and H3 = dB». The 5 x 21 = 105 scalar fields arise as follows: 58 
from the metric, 1 from the dilaton ®, 1 from Co, 22 from Bo, 22 from Co, 
and 1 from C4. 

The symmetries and the moduli counting described above suggest that 
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the moduli space for K3 compactification of the type IIB theory should be 
M21, 5. The natural question is whether this has a dual heterotic string 
interpretation. The closest heterotic counterpart is given by toroidal com- 
pactification to five dimensions, for which the moduli space is 


Rt x Mas. (9.186) 


The extra modulus, corresponding to the R* factor, is provided by the 
heterotic dilaton. Therefore, it is tempting to identify the heterotic string 
theory compactified to five dimensions on T° with the type IIB superstring 
compactified to five dimensions on K3 x 91. In this duality the heterotic- 
string coupling constant corresponds to the radius of the type IIB circle. 
Thus, the strong coupling limit of the toroidally compactified heterotic string 
theory in five dimensions gives the K3 compactified type IIB string in six 
dimensions. The relationship is analogous to that between the type HA 
theory in ten dimensions and M-theory in 11 dimensions. 

This picture can be tested by matching branes, as in the previous exam- 
ples. However, the analysis is more complicated this time. The essential 
fact is that in five dimensions both constructions give 26 U (1) gauge fields, 
with five of them belonging to the supergravity multiplet and 21 belong- 
ing to vector multiplets. Thus, point particles can carry 26 distinct electric 
charges. Their magnetic duals, which are strings, can also carry 26 distinct 
string charges. By matching the BPS formulas for their tensions one can 
deduce how to map parameters between the two dual descriptions and verify 
that, when the heterotic string coupling becomes large, the type IIB circle 
decompactifies. 


Compactification of F-theory on K3 


Type IIB superstring theory admits a class of nonperturbative compactifica- 
tions, first described by Vafa, that go by the name of F-theory. The dilaton 
is not constant in these compactifications, and there are regions in which 
it is large. Therefore, since the value of the dilaton field determines the 
string coupling constant, these solutions cannot be studied using perturba- 
tion theory (except in special limits that correspond to orientifolds). This 
is the sense in which F-theory solutions are nonperturbative. 

The crucial fact that F-theory exploits is the nonperturbative SL(2, Z) 
symmetry of type IIB superstring theory in ten-dimensional Minkowski 
space-time. Recall that the R-R zero-form potential Co and the dilaton 
® can be combined into a complex field 


7=Cotie®, (9.187) 


428 String geometry 
which transforms nonlinearly under SL(2, Z) transformations in the same 


way as the modular parameter of a torus: 


ar +b 
=} G 
cT +d 





(9.188) 


The two two-forms Bə and Cə transform as a doublet at the same time, 
while C4 and the Einstein-frame metric are invariant. 

F-theory compactifications involve 7-branes, which end up filling the d 
noncompact space-time dimensions and wrapping (8 — d)-cycles in the com- 
pact dimensions. Therefore, before explaining F-theory, it is necessary to 
discuss the classification and basic properties of 7-branes. 7-branes in ten 
dimensions are codimension two, and so they can be enclosed by a circle, 
just as is the case for a point particle in three dimensions and a string in 
four dimensions. Just as in those cases, the presence of the brane creates 
a deficit angle in the orthogonal plane that is proportional to the tension 
of the brane. Thus, a small circle of radius R, centered on the core of the 
brane, has a circumference (27 — ¢)R, where ¢ is the deficit angle. In fact, 
this property is the key to searching for cosmic strings that might stretch 
across the sky. 

The fact that fields must be single-valued requires that, when they are 
analytically continued around a circle that encloses a 7-brane, they return 
to their original values up to an SL(2,Z) transformation. The reason for 
this is that SL(2, Z) is a discrete gauge symmetry, so that the configuration 
space is the naive field space modded out by this gauge group. So the 
requirement stated above means that fields should be single-valued on this 
quotient space. The field 7, in particular, can have a nontrivial monodromy 
transformation like that in Eq. (9.188). Other fields, such as Bə and C2, 
must transform at the same time, of course. 

Since 7-branes are characterized by their monodromy, which is an S'L(2, Z) 
transformation, there is an infinite number of different types. In the case of a 
D7-brane, the monodromy is T — T+1. This implies that 27Co is an angular 
coordinate in the plane perpendicular to the brane. More precisely, the 7- 
brane is characterized by the conjugacy class of its monodromy. If there is 
another 7-brane present the path used for the monodromy could circle the 
other 7-brane then circle the 7-brane of interest, and finally circle the other 
7-brane in the opposite direction. This gives a monodromy described by a 
different element of SL(2, Z) that belongs to the same conjugacy class and 
is physically equivalent. The conjugacy classes are characterized by a pair 
of coprime integers (p,q). This is interpreted physically as labelling the type 
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of IIB string that can end on the 7-brane. In this nomenclature, a D7-brane 
is a (1,0) 7-brane, since a fundamental string can end on it. 

Let us examine the type IIB equations of motion in the supergravity 
approximation. The relevant part of the type IIB action, described in Ex- 
ercise 8.3, is 





1 OT OvT 
5 Jv 9 (r g” ai) Dx, (9.189) 


To describe a 7-brane, let us look for solutions that are independent of 
the eight dimensions along the brane, which has a flat Lorentzian metric, 
and parametrize the perpendicular plane as the complex plane with a local 
coordinate z = ret. The idea is that the brane should be localized at the 
origin of the z-plane. Now let us look for a solution to the equations of 
motion in the gauge in which the metric in this plane is conformally flat 


ds? = e4\"9) (dr? + r?d0?) — (dx)? + (dx)? +...+(dx)?. (9.190) 


Just as in the case of the string world sheet, the conformal factor cancels 
out of the 7 kinetic term. Therefore, its equation of motion is the same as 
in flat space. The 7 equation of motion is satisfied if 7 is a holomorphic 
function T(z), as you are asked to verify in a homework problem. 

The elliptic modular function j(T) gives a one-to-one holomorphic map 
of the fundamental region of SL(2, Z) onto the entire complex plane. It 
is invariant under SL(2,Z) modular transformations, and it has a series 
expansion of the form 


CO 
= > ee (9.191) 
n=—1 


with c-1 = 1. Its leading asymptotic behavior for Im T — +00 is given by 
the first term 


jT) ~ e? (9.192) 
If we choose the holomorphic function T(z) to be given by 
rey = Cz, (9.193) 
where C is a constant, then for large z 
1 
~ —— log z. 194 
T(z) 577 V87 (9.194) 
This exhibits the desired monodromy T — T — 1 as one encircles the 7- 
brane.*! 


31 To get T — T +1 instead, one could replace z by Z, which corresponds to replacing the brane 
by an antibrane. 
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The tension of the 7-brane is given by 


T= 5 [ex Or - OF = = sfe aa (9.195) 


2 (Im7)? (Im7)? 





Now let us evaluate this for the solution proposed in Eq. (9.193). Since 7 is 


o1 2 ÔTÖT 1 er on 
=a) a altars TA 


This has used the fact that the inverse image of the complex plane is the 


holomorphic 





fundamental region F. The volume of the moduli space was evaluated in 
Exercise 3.9. 

The integrand in Eq. (9.196) is the energy density that acts as a source 
for the gravitational field in the Einstein equation 





1 1 —A OrOF 
Se = . 9.197 
Roo zok 5 Jove (im7)2 ( ) 
Evaluating the curvature for the metric in Eq. (9.190), one obtains the equa- 
tion 
= 1 rðr 
00A = -= = dd logImr. (9.198) 
2(7 -7T)? 


The energy density is concentrated within a string-scale distance of the 
origin, where the supergravity equations aren’t reliable. The total energy is 
reliable because of supersymmetry (saturation of the BPS bound), however. 
So, to good approximation, we can take A = alogr and use V7logr = 
orð? (E 7) to approximate the energy density by a delta function at the core. 
Doing this, one then matches the integrals of the two sides to determine 
a = —1/6. This gives a result that is correct for large r, namely 


1 
Aw =a log r. (9.199) 


By the change of variables p = r11/12 this brings the two-dimensional metric 
to the asymptotic form 


Hk 
is? ~ dp? +? (a8) > (9.200) 


which shows that there is a deficit angle of 7/6 in the Einstein frame. 

A more accurate solution, applicable for multiple 7-branes at positions 
zi, i = 1,...,N, can be constructed as follows. The general solution of 
Eq. (9.198) is 

e^ = |f(z)|*Imr (9.201) 
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where f(z) is holomorphic. This function is determined by requiring mod- 


-1/6 


ular invariance and r singularities at the cores of 7-branes. The result 


N 
FD =n) P Ile ao ae (9.202) 


The Dedekind 7 function is 


n(r) =] [a-e (9.203) 
pol 
where 
g eT, (9.204) 


Under a modular transformation the Dedekind 7 function transforms as 
n(—1/r) = V—itn(r). (9.205) 


Thus, |7(7)|4Im7 is modular invariant. 

Since all 7-branes are related by modular transformations that leave the 
Einstein-frame metric invariant, it follows that in Einstein frame they all 
have a deficit angle of 7/6. Suppose that 7-branes (of various types) are 
localized at (finite) points on the transverse space such that the total deficit 
angle is 


S > bi = An. (9.206) 


Then the transverse space acquires the topology of a sphere with its cur- 
vature localized at the positions of the 7-branes, and the z-plane is bet- 
ter described as a projective space CP!. Since every deficit angle is 7/6, 
Eq. (9.206) requires that there are a total of 24 7-branes. However, the 
choice of which types of 7-branes to use, and how to position them, is not 
completely arbitrary. For one thing, it is necessary that the monodromy 
associated with a circle that encloses all of them should be trivial, since the 
circle can be contracted to a point on the other side of the sphere without 
crossing any 7-branes. 

The 7 parameter is well defined up to an SL(2, Z) transformation every- 
where except at the positions of the 7-branes, where it becomes singular. A 
nicer way of expressing this is to say that one can associate a torus with 
complex-structure modulus 7(z) with each point in the z-plane. This gives 
a T? fibration with base space CPt, where the 24 singular fibers correspond 
to the positions of the 7-branes. Such a T? fibration is also called an elliptic 
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fibration. Only the complex structure of the torus is specified by the mod- 
ulus 7. Its size (or Kahler structure) is not a dynamical degree of freedom. 
Recall that the type IIB theory can be obtained by compactifying M-theory 
on a torus and letting the area of the torus shrink to zero. In this limit 
the modular parameter of the torus gives the 7 parameter of the type IIB 
theory. Therefore, the best interpretation is that the torus in the F-theory 
construction has zero area. 

A nice way of describing the complex structure of a torus is by an algebraic 
equation of the form 


yY? = r? +ax +b. (9.207) 


This describes the torus as a submanifold of C?, which is parametrized by 
complex numbers x and y. The constants a and b determine the complex 
structure 7 of the torus. There is no metric information here, so the area 
is unspecified. The torus degenerates, that is, 7 is ill-defined, whenever the 
discriminant of this cubic vanishes. This happens for 


27a? — Ab? = 0. (9.208) 


Thus, the positions of the 7-branes correspond to the solutions of this equa- 
tion. To ensure that z = 00 is not a solution, we require that a? and b? are 
polynomials of the same degree. 

Since there should be 24 7-branes, the equation should have 24 solutions. 
Thus, a = fg(z) and b = fi2(z), where fn denoted a polynomial of degree 
n. The total space can be interpreted as a K3 manifold that admits a 
T? fibration. The only peculiar feature is that the fibers have zero area. 
Let us now count the number of moduli associated with this construction. 
The polynomials fg and fiı2 have arbitrary coefficients, which contribute 
9+ 13 = 22 complex moduli. However, four of these are unphysical because 
of the freedom of an SL(2, C) transformation of the z-plane and a rescaling 
fs — àA? fs, fiz > A® fig. This leaves 18 complex moduli. In addition there 
is one real modulus (a Kahler modulus) that corresponds to the size of the 
CP! base space. The complex moduli parametrize the positions of the 7- 
branes (modulo SL(2,C)) in the z-plane. The fact that there are fewer 
than 21 such moduli shows that the positions of the 7-branes (as well as 
their monodromies) is not completely arbitrary. 

Remarkably, there is a dual theory that has the same properties. The 
heterotic string theory compactified on a torus to eight dimensions has 16 
unbroken supersymmetries and the moduli space 


Rt x Migo. (9.209) 
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The real modulus is the string coupling constant, which therefore corre- 
sponds to the area of the CP! in the F-theory construction. The second 
factor has 18 x 2 real moduli or 18 complex moduli. In fact, mathematicians 
knew before the discovery of F-theory that this is the moduli space of ellip- 
tically fibered K3 manifolds. Thus, F-theory compactified on an elliptically 
fibered K3 (with section) is conjectured to be dual to the heterotic string 
theory compactified on T?. 

This duality can be related to the others, and so it constitutes one more 
link in a consistent web of dualities. For example, if one compactifies on 
another circle, and uses the duality between type IIB on a circle and M- 
theory on a torus, this torus becomes identified with the F-theory fiber 
torus, which now has finite area. Then one recovers the duality between M- 
theory on K3 and the heterotic string on T° for the special case of elliptically 
fibered K3s. 

The F-theory construction described above is the simplest example of a 
large class of possibilities. More generally, F-theory on an elliptically fibered 
Calabi-Yau n-fold (with section) gives a solution for (12 — 2n)-dimensional 
Minkowski space-time. For example, using elliptically fibered Calabi-Yau 
four-folds one can obtain four-dimensional F-theory vacua with M = 1 su- 
persymmetry. It is an interesting challenge to identify duality relations 
between such constructions and other ones that can give NV = 1, such as the 
heterotic string compactified on a Calabi—-Yau three-fold. 


9.12 Manifolds with Gz and Spin(7) holonomy 


Since the emergence of string dualities and the discovery of M-theory, special- 
holonomy manifolds have received considerable attention. Manifolds of 
SU(3) holonomy have already been discussed at length. 7-manifolds with 
G2 holonomy and 8-manifolds with S'pin(7) holonomy are also of interest 
for a number of reasons. They constitute the exceptional-holonomy man- 
ifolds. We refer to them simply as G2 manifolds and Spin(7) manifolds, 
respectively. 


G2 manifolds 


Suppose that M-theory compactified to four dimensions on a 7-manifold M7, 
Mii = Ma4 x M7, (9.210) 


gives rise to M = 1 supersymmetry in four dimensions. An analysis of the 
supersymmetry constraints, along the lines studied for Calabi-Yau three- 
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folds, constrains My to have G2 holonomy. In such a compactification to 
flat D = 4 Minkowski space-time, there should exist one spinor (with four 
independent components) satisfying 


Vm = Vue = 0. (9.211) 


The background geometry is then R*! x M7, where My has G2 holonomy, 
and € is the covariantly constant spinor of the G2 manifold tensored with a 
constant spinor of R®!. As in the case of Calabi-Yau three-folds, Eq. (9.211) 
implies that M7 is Ricci flat. Of course, it cannot be Kahler, or even complex, 
since it has an odd dimension. Let us now examine why Eq. (9.211) implies 
that M7 has G2 holonomy. 


The exceptional group G2 


Gə can be defined as the subgroup of the SO(7) rotation group that preserves 
the form 





o = dy? + dy!” + dy® + dy? — dy? — dy? — dy”, (9.212) 
where 
dy! = dyt A dy) A dy*, (9.213) 


and y’ are the coordinates of R”. G is the smallest of the five exceptional 
simple Lie groups (G2, F4, Eg, £7, Eg), and it has dimension 14 and rank 2. 
Its Dynkin diagram is given in Fig. 9.11. Let us describe its embedding in 
Spin(7), the covering group of SO(7), by giving the decomposition of three 
representations of Spin(7), the vector 7, the spinor 8 and the adjoint 21: 


e Adjoint representation: decomposes under Gz as 21 = 14+ 7. 
e The vector representation is irreducible 7 = 7. 
e The spinor representation decomposes as 8 = 7+ 1. 


c © 


2 


Fig. 9.11. The Gg Dynkin diagram. 


The singlet in the spinor representation precisely corresponds to the co- 
variantly constant spinor in Eq. (9.211) and this decomposition is the reason 
why G2 compactifications preserve 1/8 of the original supersymmetry, lead- 
ing to an M = 1 theory in four dimensions in the case of M-theory. While 
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Calabi—Yau three-folds are characterized by the existence of a nowhere van- 
ishing covariantly constant holomorphic three-form, a G2 manifold is charac- 
terized by a covariantly constant real three-form ®, known as the associative 
calibration 


1 
= g Babce" Ae A ef, (9.214) 


where e° are the seven-beins of the manifold. The Hodge dual four-form «® 
is known as the coassociative calibration. 


A simple compact example 
Smooth Gz manifolds were first constructed by resolving the singularities 
of orbifolds. A simple example is the orbifold T’/I', where T” is the flat 
seven-torus and I is a finite group of isometries preserving the calibration 
Eq. (9.212) generated by 





OG esc YS Ge a a), (9.215) 
p : (yt, is a”) Tt (y', —y’, —y’, yt, y5, 1/2 z yf, —y"), (9.216) 
y: (yt, asi E70) E: (-y', y’, —y’, yt, 1/2 ~~ y?, yf, 1/2 ~ y’). (9.217) 


In a homework problem you are asked to verify that a, 3, y have the following 
properties: (1) they preserve the calibration, (2) a? = 82 = y? = 1, (3) the 
three generators commute. The group I is isomorphic to Z3. The fixed 
points of a (and similarly for 6 and y) are 16 copies of T’, while (3,7) 
act freely on the fixed-point set of a (similarly for the fixed-point set of 8 
and y). The singularities of this orbifold can be blown up in a similar way 
discussed in Section 9.1 for K3, that is, by cutting out a ball B*/Z» around 
each singularity and replacing it with an Eguchi-Hanson space. The result 
is a smooth G2 manifold. 


Supersymmetric cycles in Gg manifolds 


As in the case of Calabi-Yau three-folds, supersymmetric cycles in G2 man- 
ifolds play a crucial role in describing nonperturbative effects. Supersym- 
metric three-cycles can be defined for Gə manifolds in a similar manner as 
for Calabi-Yau three-folds in Section 9.8. A supersymmetric three-cycle is 
a configuration that solves the equation 


i l 
Bes (1 — teatra XMa XNA X Tune) e=0, (9.218) 


where now the spinor e lives in seven dimensions. Here a, 8,... are indices 
on the cycle while M,N,... are D = 11 indices. By a similar calculation 
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to that in Exercise 9.15, one can verify that the defining equation for a 
supersymmetric three-cycle is 


Ija X IX OX Babe = Eapy- (9.219) 


This means that the pullback of the three-form onto the cycle is proportional 
to the volume form. A G2 manifold can also have supersymmetric four- 
cycles, which solve the equation 


Pec ; (1 - Tea XM9gX%0,X%0,X" Tea | €=0. (9.220) 
The solution has the same form as Eq. (9.219) with the associative calibra- 
tion replaced by the dual coassociative calibration x®. Both type of cycles 
break 1/2 of the original supersymmetry. 

Obviously, there is interest in the phenomenological implications of M- 
theory compactifications on G2 manifolds, because these give M = 1 theo- 
ries in four dimensions. Let us mention a few topics in this active area of 
research. 


G2 manifolds and strongly coupled gauge theories 


Compactification of M-theory on a smooth Gə manifold does not lead to 
chiral matter or nonabelian gauge symmetry. The reason is that M-theory 
is a nonchiral theory and compactification on a smooth manifold cannot lead 
to a chiral theory. A chiral theory can only be obtained if singularities or 
other defects, where chiral fermions live, are included. Singularities arise, 
for example, when a supersymmetric cycle shrinks to zero size. 

M-theory compactification on a Gg manifold with a conical singularity 
leads to interesting strongly coupled gauge theories, which have been in- 
vestigated in some detail. The local structure of a conical singularity is 
described by a metric of the form 


dè? = dr? + r°d0?_,. (9.221) 


Here r denotes a radial coordinate and dQ?_, is the metric of some compact 
manifold Y. In general, this metric describes an n-dimensional space X 
that has a singularity at r = 0 unless d0?_, is the metric of the unit sphere, 
S"-!. An example is a lens space $°/Zy4+1, which corresponds to an Ay 
singularity. 

Singularities can give rise to nonabelian gauge groups in the low-energy 
effective action. Recall from Chapter 8 that M-theory compactified on K3 
is dual to the heterotic string on T°, and that there is enhanced gauge 
symmetry at the singularities of K3, which have an ADE classification. 
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Invoking this duality for fibered manifolds, there should be a duality between 
compactification of heterotic theories on Calabi-Yau manifolds with a T? 
fibration and M-theory on G2 manifolds with a K3 fibration. 

In order to obtain four-dimensional theories with nonabelian gauge sym- 
metry, one strategy is to embed ADE singularities in G2 manifolds. In 
general, the singularities of four-dimensional manifolds can be described as 
C?/T, where I is a subgroup of the holonomy group SO(4). The points that 
are left invariant by I then correspond to the singularities. The holonomy 
group of K3 is SU(2), and as a result I has to be a subgroup of SU(2) to 
give unbroken supersymmetry. The finite subgroups of SU(2) also have an 
ADE classification consisting of two infinite series (An, n = 1,2,... and Dx, 
k = 4,5...) and three exceptional subgroups (Es, Ey and Eg). So for exam- 
ple, the generators for the two infinite series can be represented according 


to 
e2ri/n 0 
( a yn) (9.222) 
for the A, series. Meanwhile D; has two generators given by 
et /(k—-2) 0 0 i 
( 0 ne E and e 3) : (9.223) 


In the heterotic/M-theory duality discussed in Section 9.11, the heterotic 
string gets an enhanced symmetry group whenever the K3 becomes sin- 
gular. In general, M-theory compactified on a background of the form 
Rt/Tapg x R®! gives rise to a Yang-Mills theory with the correspond- 
ing ADE gauge group, near the singularity. Embedding four-dimensional 
singular spaces into Gz manifolds, M-theory compactification can therefore 
give rise to nonabelian gauge groups in four dimensions. 


G2 manifolds and intersecting D6-brane models 


Another area where G2 manifolds play an important role is intersecting D6- 
brane models.*? Recall that Section 8.3 showed that N parallel D6-branes 
in the type IIA theory are interpreted in M-theory as a multi-center Taub- 
NUT metric times a flat seven-dimensional Minkowski space-time. Half 
of the supersymmetry is preserved by a stack of parallel branes. If they 
are not parallel, the amount of supersymmetry preserved depends on types 
of rotations that relate the branes. Any configuration preserving at least 
one supersymmetry is described by a special-holonomy manifold from the 
M-theory perspective. If the position of the branes is such that they can 


32 This is one of the constructions used in attempts to obtain realistic models. 
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be interpreted in M-theory as a seven-manifold on which one covariantly 
constant real spinor can be defined times flat four-dimensional Minkowski 
space-time, then this is a Gz holonomy configuration. 

For parallel D6-branes, the 7-manifold with G2 holonomy is a direct prod- 
uct of the multi-center Taub-NUT metric times R3, as you are asked to 
verify in a homework problem. As discussed in Chapter 8, certain type HA 
fields, such as the dilaton and the U(1) gauge field, lift to pure geometry in 
11 dimensions. From the M-theory perspective, strings stretched between 
two D6-branes have an interpretation as membranes wrapping one of the 
n(n + 1)/2 holomorphic embeddings of 9? in multi-center Taub-NUT, as 
shown in Fig. 9.12. When two D6-branes come close to each other, these 
strings become massless, resulting in nonabelian gauge symmetry. Without 
entering into the details, let us mention that chiral matter can be realized 
when D6-branes intersect at appropriate angles, because the GSO projection 
removes massless fermions of one chirality. This leads to interesting models 
with some realistic features. 


U(1) photon 
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Fig. 9.12. Strings stretched between two D6-branes can be interpreted as mem- 
branes wrapping a holomorphically embedded S? in a multi-center Taub-NUT ge- 
ometry. 


Spin(7) manifolds 
Eight-dimensional manifolds of Spin(7) holonomy are of interest in the study 
of string dualities including connections to strongly coupled gauge theories. 
Compactification of M-theory on a Spin(7) manifold gives a theory with 
N = 1 supersymmetry in three dimensions. The supercharge has two com- 
ponents, so 1/16 of the original supersymmetry is preserved. This is less 
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supersymmetry than the minimal amount for a Lorentz-invariant supersym- 
metric theory in four dimensions. Witten has speculated that the existence 
of such a three-dimensional theory might indicate the existence of a theory 
in four dimensions with no supersymmetry that upon circle compactifica- 
tion develops an M = 1 supersymmetry in three dimensions. This is one 
of many speculations that have been considered in attempts to explain why 
the observed cosmological constant is so tiny. 

Spin(7) is the subgroup of Spin(8) that leaves invariant the self-dual four- 
form 


Q= dytt 4 dy!256 4 dy!278 4 dy!357 — dy!368 — dy!458 — qyl467_ 
dy?358 — dy2367 — dy2457 + dy2468 + dy3456 4 dy3478 + dy5678, 


where 
dy! = dy’ ^ dy? A dy! A^ dy’, (9.224) 


and y; with i = 1,...,8 are the coordinates of R8. This 21-dimensional Lie 
group is compact and simply-connected. 

The decomposition of the adjoint is 28 = 21 + 7. Spin(8) has three 
eight-dimensional representations: the fundamental and two spinors, which 
are sometimes denoted 8,, 8; and 8e. Because of the triality of Spin(8), 
discussed in Chapter 5, it is possible to embed Spin(7) inside Spin(8) such 
that one spinor decomposes as 8e = 7+ 1, while the 8, and 8; both reduce 
to the spinor 8 of the Spin(7) subgroup. By choosing such an embedding, 
the Spin(7) holonomy preserves 1/16 of the original supersymmetry corre- 
sponding to the singlet in the decomposition of the two Spin(8) spinors. 

Examples of compact Spin(7) manifolds can be obtained, as in the G2 
case, as the blow-ups of orbifolds. The simplest example starts with an 
orbifold T°/Z5. Spin(7) manifolds are not Kahler in general. As in the G2 
case, it is interesting to consider manifolds with singularities, which can lead 
to strongly coupled gauge theories. 





EXERCISES 





EXERCISE 9.16 
Verify that the calibration (9.212) is invariant under 14 linearly independent 
combinations of the 21 rotation generators of R”. 
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SOLUTION 


An infinitesimal rotation has the form Rij = 6;; + aij, where aj; is infinites- 
imal, and ai; = —a;;. This acts on the coordinates by y = Rjjy?. Now 
plug this into the three-form (9.212) and keep only the linear terms in a. 
Requiring the three-form to be invariant results in the equations 





a14 + a36 + a27 =0, a15 + a73 + agg =Q, 





a16 + a43 +452 =0, ai7 + a35 + a42 = 0, 











a76 + a54 + a32 = 0, a12 + ar74 + a65 =Q, 


a13 + a57 + a64 = 0. 


These seven constraints leave 21 — 7 = 14 linearly independent rotations 
under which the calibration is invariant. This construction ensures that 
they generate a group. 














Appendix: Some basic geometry and topology 


This appendix summarizes some basic geometry and topology needed in this 
chapter as well as other chapters of this book. This summary is very limited, 
so we refer the reader to GSW as well as some excellent review articles for 
a more detailed discussion. The mathematically inclined reader may prefer 
to consult the math literature for a more rigorous approach. 


Real manifolds 
What is a manifold? 


A real d-dimensional manifold is a space which locally looks like Euclidean 
space R. More precisely, a real manifold of dimension d is defined by 
introducing a covering with open sets on which local coordinate systems are 
introduced. Each of these coordinate systems provides a homeomorphism 
between the open set and a region in RÊ. The manifold is constructed by 
pasting together the open sets. In regions where two open sets overlap, 
the two sets of local coordinates are related by smooth transition functions. 
Some simple examples of manifolds are as follows: 


e R? and C? are examples of noncompact manifolds. 
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Fig. 9.13. This is not a one-dimensional manifold, because the intersection points 
are singularities. 


The n-sphere yoi (x2?) = 1 is an example of a compact manifold. The 
case n = 0 corresponds to two points at x = +1, n = 1 is a circle and n = 2 





is a sphere. In contrast to the one-dimensional noncompact manifold R+, 
the compact manifold S' needs two open sets to be constructed. 

e The space displayed in Fig. 9.13 is not a one-dimensional manifold since 
there is no neighborhood of the cross over points that looks like R!. 


Homology and cohomology 


Many topological aspects of real manifolds can be studied with the help of 
homology and cohomology groups. In the following let us assume that M is 
a compact d-dimensional manifold with no boundary. 

A p-form A, is an antisymmetric tensor of rank p. The components of Ap 
are 

Ap = = Alay A+: Adz, (9.225) 

where ^ denotes the wedge product (an antisymmetrized tensor product). 
From a mathematician’s viewpoint, these p-forms are the natural quantities 
to define on a manifold, since they are invariant under diffeomorphisms and 
therefore do not depend on the choice of coordinate system. The possible 
values of p are p = 0,1,...,d. 

The exterior derivative d gives a linear map from the space of p-forms into 
the space of (p + 1)-forms given by 


1 
dAp = 5 Oy Apg--ppyr dU"? A+++ A date, (9.226) 
p! 


A crucial property that follows from this definition is that the operator d is 
nilpotent, which means that d? = 0. This can be illustrated by applying d? 
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to a zero form 





2 
os i!) = FD dx” Adz”, (9.227) 


aE (54 OxH OLY 


which vanishes due to antisymmetry of the wedge product. A p-form is 
called closed if 


dAy = 0, (9.228) 
and exact if there exists a globally defined (p — 1)-form Ap; such that 
Ap = dAp-1. (9.229) 


A closed p-form can always be written locally in the form dA,_1, but this 
may not be possible globally. In other words, a closed form need not be 
exact, though an exact form is always closed. 

Let us denote the space of closed p-forms on M by C?(M) and the space 
of exact p-forms on M by Z?(M). Then the pth de Rham cohomology group 
H?(M) is defined to be the quotient space 


H?(M) = C?(M)/Z?(M). (9.230) 


H?(M) is the space of closed forms in which two forms which differ by an 
exact form are considered to be equivalent. The dimension of H?(M) is 
called the Betti number. Betti numbers are very basic topological invariants 
characterizing a manifold. The Betti numbers of 9? and T? are described in 
Fig. 9.14. Another especially important topological invariant of a manifold 
is the Euler characteristic, which can be expressed as an alternating sum of 
Betti numbers 


x(M) = X (-1)b:(M). (9.231) 
i=0 

The Betti numbers of a manifold also give the dimensions of the homology 
groups, which are defined in a similar way to the cohomology groups. The 
analog of the exterior derivative d is the boundary operator 6, which acts 
on submanifolds of M. Thus, if N is a submanifold of M, then ôN is its 
boundary. This operator associates with every submanifold its boundary 
with signs that take account of the orientation. The boundary operator is 
also nilpotent, as the boundary of a boundary is zero. Therefore, it can 
be used to define homology groups of M in the same way that the exterior 
derivative was used to define cohomology groups of M. Arbitrary linear 
combinations of submanifolds of dimension p are called p-chains. Here again, 
to be more precise, one should say what type of coefficients is used to form 
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Fig. 9.14. The Betti numbers b, count the number of p-cycles which are not bound- 
aries. For the sphere all one-cycles can be contracted to a point and the Betti 
numbers are bọ = b2 = 1 and bı = 0. The torus supports nontrivial one-cycles and 
as a result the Betti numbers are bọ = b2 = 1 and b; = 2. 


the linear combinations. A chain that has no boundary is called closed, and 
a chain that is a boundary is called exact. A closed chain zp, also called a 
cycle, satisfies 


zp = 0. (9.232) 


The simplicial homology group H,(M) is defined to on equivalence 
classes be p-cycles. Two p-cycles are equivalent if and only if their difference 
is a boundary. 


Poincaré duality 


A fundamental theorem is Stokes’ theorem. Given a real manifold M, let 
A be an arbitrary p-form and let N be an arbitrary (p + 1)-chain. Then 
Stokes’ theorem states 


Md the (9.233) 
N ôN 


This formula provides an isomorphism between H?(M) and Hg_,(M) that 
is called Poincaré duality. 'To every closed p-form A there corresponds a 
(d — p)-cycle N with the property 


[, AAB= l B, (9.234) 


for all closed (d — p)-forms B. The fact that the left-hand side only depends 
on the cohomology class of A and the right-hand side only depends on the 
homology class of N is an immediate consequence of Stokes’ theorem and 
the fact that M has no boundary. Poincaré duality allows us to determine 
the Betti numbers of a manifold by counting the nontrivial cycles of the 
manifold. For example, S™ has Betti numbers bo = 1, b1 = 0,...,by = 1. 
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Riemannian geometry 
Metric tensor 


The manifolds described so far are entirely characterized by their topol- 
ogy. Next, we consider manifolds endowed with a metric. If the metric 
is positive definite, the manifold is called a Riemannian manifold. If it 
has indefinite signature, as in the case of general relativity, it is called a 
pseudo-Riemannian manifold. In either case the metric is a symmetric ten- 
sor characterized by an infinitesimal line element 


d? = gu (x)dxdx”, (9.235) 


which allows one to compute the length of a curve by integration. The 
line element itself is coordinate independent. This fact allows one to com- 
pute how the metric components g,,, (x) transform under general coordinate 
transformations (diffeomorphisms). 

The metric tensor can be expressed in terms of the frame. This consists 
of d linearly independent one-forms e“ that are defined locally on M. In 
terms of a basis of one-forms 


e” = eda". (9.236) 


a 
u 


denote the flat metric whose only nonzero entries are +1 on the diagonal. 


The components e% form a matrix called the vielbein. Let n°? and nag 





In the Riemannian case (Euclidean signature) 7 is the unit matrix. In the 
Lorentzian case, there is one —1 corresponding to the time direction. The 
metric tensor is given in terms of the frame by 


9 = Nape” D eÊ. (9.237) 
In terms of components this corresponds to 

Juw = Nagezeb. (9.238) 
The inverse vielbein and metric are denoted e% and gt”. 


Harmonic forms 


The metric is needed to define the Laplace operator acting on p-forms on a 
d-dimensional space given by 


Ap = dd + ddt = (d+d')’, (9.239) 


where 


dt = (-1)? 1! x dx (9.240) 
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for Euclidean signature, and there is an extra minus sign for Lorentzian 
signature. The Hodge «-operator acting on p-forms is defined as 


cH HpHp+1 Hd 


x(da™ A- Adz?) = Td p)!g|/2 Sherer 


eee Jpavad 2t AeA dr”i. 


(9.241) 

The Levi-Civita symbol € transforms as a tensor density, while ¢/|g|!/? is a 
tensor. A p-form A is said to be harmonic if and only if 

ApA =0. (9.242) 


Harmonic p-forms are in one-to-one correspondence with the elements of the 
group H?(M). Indeed, from the definition of the Laplace operator it follows 
that if A, is harmonic 


(dd? + dtd) A, = 0, (9.243) 
and as a result 
(Ap, (dd? + dtd) Ay) = 0 = (dt Ap, d'A,) + (dAp, dAp) = 0. (9.244) 


Using a positive-definite scalar product it follows that A, is closed and co- 
closed. The Hodge theorem states that on a compact manifold that has a 
positive definite metric a p-form has a unique decomposition into harmonic, 
exact and co-exact pieces 


Ap = Ap + dAS, + d ASS. (9.245) 
As a result, a closed form can always be written in the form 
Ap = A} + dAS.). (9.246) 


Since the Hodge dual turns a closed p-form into a co-closed (d — p)-form 
and vice versa, it follows that the Hodge dual provides an isomorphism 
between the space of harmonic p-forms and the space of harmonic (d — p)- 
forms. Therefore, 


bp = ba_p. (9.247) 


The connection 


Another fundamental geometric concept is the connection. There are ac- 
tually two of them: the affine connection and the spin connection, though 
they are related (via the vielbein). Connections are not tensors, though the 
arbitrariness in their definitions corresponds to adding a tensor. Also, they 
are used in forming covariant derivatives, which are constructed so that they 
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map tensors to tensors. The expressions for the connections can be deduced 
from the fundamental requirement that the vielbein is covariantly constant 
Vuey = One, —Uaves + ta gen =0. (9.248) 
This equation determines the affine connection I and the spin connection w 
up to a contribution characterized by a torsion tensor, which is described in 
Chapter 10. The affine connection, for example, is given by the Levi-Civita 
connection plus a torsion contribution 


p 
Toy = fe + Kyw?, (9.249) 
where the Levi-Civita connection is 
eee ee, eer T (9.250) 
pw = 99 uur vGpr AGuy )s : 


and K is called the contortion tensor. The formula for the spin connection, 
given by solving Eq. (9.248), is 


wu” g = —€5(Ouep — Tires). (9.251) 


Curvature tensors 


The curvature tensor can be constructed from either the affine connection I 
or the spin connection w. Let us follow the latter route. The spin connection 
is a Lie-algebra valued one-form w°g = w,%gdx". The algebra in question is 
SO(d), or a noncompact form of SO(d) in the case of indefinite signature. 
Thus, it can be regarded as a Yang-Mills gauge field. The curvature two- 
form is just the corresponding field strength, 


R%g = dw%g+ we, Aw", (9.252) 
which in matrix notation becomes 
R= dw +w ^w. (9.253) 


Its components have two base-space and two tangent-space indices Ryp“g. 
One can move indices up and down and convert indices from early Greek 
to late Greek by contracting with metrics, vielbeins and their inverses. In 
particular, one can form R",,,, which coincides with the Riemann curvature 
tensor that is usually constructed from the affine connection. Contracting 
a pair of indices gives the Ricci tensor 


Ry = Beye (9.254) 
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and one more contraction gives the scalar curvature 


R = g” Ry. (9.255) 


Holonomy groups 


The holonomy group of a Riemannian manifold M of dimension d describes 
the way various objects transform under parallel transport around closed 
curves. The objects that are parallel transported can be tensors or spinors. 
For spin manifolds (that is, manifolds that admit spinors), spinors are the 
most informative. The reason is that the most general transformation of 
a vector is a rotation, which is an element of SO(d).°? The corresponding 
transformation of a spinor, on the other hand, is an element of the covering 
group Spin(d). So let us suppose that a spinor is parallel transported around 
a closed curve. As a result, the spinor is rotated from its original orientation 


e— Ue, (9.256) 


where U is an element of Spin(d) in the spinor representation appropriate 
to €. Now imagine taking several consecutive paths each time leaving and 
returning to the same point. The result for the spinor after two paths is, for 
example, 


a= U Ue = Use. (9.257) 


As a result, the U matrices build a group, called the holonomy group H(M). 


The generic holonomy group of a Riemannian manifold M of real di- 
mension d that admits spinors is Spin(d). Now one can consider different 
special classes of manifolds in which H(M) is only a subgroup of Spin(d). 
Such manifolds are called manifolds of special holonomy. 


e H CU(d/2) if and only if M is Kahler. 

e H C SU(d/2) if and only if M is Calabi-Yau. 

e H C Sp(d/4) if and only if M is hyper-Kahler. 

e H C Sp(d/4) - Sp(1) if and only if M is quaternionic Kahler. 


In the first two cases d must be a multiple of two, and in the last two 
cases it must be a multiple of four. Kahler manifolds and Calabi-Yau man- 
ifolds are discussed later in this appendix. Hyper-Kahler and quaternionic 
Kahler manifolds will not be considered further. There are two other cases 
of special holonomy. In seven dimensions the exceptional Lie group Go is 


33 Reflections are avoided by assuming that the manifold is oriented. 
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a possible holonomy group, and in eight dimensions Spin(7) is a possible 
holonomy group. The G2 case is of possible physical interest in the context 
of compactifying M-theory to four dimensions. 


Complex manifolds 


A complex manifold of complex dimension n is a special case of a real mani- 
fold of dimension d = 2n. It is defined in an analogous manner using complex 
local coordinate systems. In this case the transition functions are required 
to be biholomorphic, which means that they and their inverses are both 
holomorphic. Let us denote complex local coordinates by z“ (a = 1,...,n) 
and their complex conjugates 2°. 

A complex manifold admits a tensor J, with one covariant and one con- 
travariant index, which in complex coordinates has components 


J =i, J = ið, GPa =o. (9.258) 


These equations are preserved by a holomorphic change of variables, so they 
describe a globally well-defined tensor. 

Sometimes one is given a real manifold M in 2n dimensions, and one 
wishes to determine whether it is a complex manifold. The first requirement 
is the existence of a tensor, J” n, called an almost complex structure, that 
satisfies 


Im” Jn? = ôm”. (9.259) 


This equation is preserved by a smooth change of coordinates. The second 
condition is that the almost complex structure is a complex structure. The 
obstruction to this is given by a tensor, called the Nijenhuis tensor 


N? mn T Jm’ jgn” = Int Og}? - (9.260) 


When this tensor is identically zero, J is a complex structure. Then it is 
possible to choose complex coordinates in every open set that defines the 
real manifold M such that J takes the values given in Eq. (9.258) and the 
transition functions are holomorphic. 

On a complex manifold one can define (p, q)-forms as having p holomorphic 
and q antiholomorphic indices 

1 

~ pig! 
The real exterior derivative can be decomposed into holomorphic and anti- 


pa at apby-bg42" Age dAd. (9.261) 


holomorphic pieces 
d=8+ð (9.262) 
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with 

o = z0 
Bea and ð = dz” a (9.263) 
Then 0 and ð, which are called Dolbeault operators, map (p,q)-forms to 
(p + 1,q)-forms and (p,q + 1)-forms, respectively. Each of these exterior 
derivatives is nilpotent 


0 = dz! 





@? = 8 = 0, (9.264) 
and they anticommute 


00+ 00 = 0. (9.265) 


Complex geometry 


Let us now consider a complex Riemannian manifold. In terms of the com- 
plex local coordinates, the metric tensor is given by 


ds? = gqydz%dz° + gagdz*d7? + gapdz*dz? + gazdZ dZ. (9.266) 


The reality of the metric implies that g,, is the complex conjugate of gab 
and that g, is the complex conjugate of gay. A hermitian manifold is a 
special case of a complex Riemannian manifold, which is characterized by 
the conditions 


Jab = Jab = 0. (9.267) 
These conditions are preserved under holomorphic changes of variables, so 
they are globally well defined. 

The Dolbeault cohomology group H 5 (M ) of a hermitian manifold M 
consists of equivalence classes of -closed (p,q)-forms. Two such forms are 
equivalent if and only if they differ by a 0-exact (p, q)-form. The dimension 
of HZ (M) is called the Hodge number h”4. We can define the Laplacians 

Ajg=00'+0'0 and Ag=O0d' +49. (9.268) 

A Kahler manifold is defined to be a hermitian manifold on which the 

Kahler form 
J = igggdz* ^ dz (9.269) 
is closed 


dJ = 0. (9.270) 


It follows that the metric on these manifolds satisfies agez = Opgaz, as well 
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as the complex conjugate relation, and therefore it can be written locally in 
the form 


ð ð 
5 = =— Z 9.271 
Jab Əza P Z), ( ) 
where K(z, Z) is called the Kahler potential. Thus, 
J = iððK. 


The Kahler potential is only defined up to the addition of arbitrary holo- 
morphic and antiholomorphic functions f(z) and f(z), since 


K(z,2)=K(z,24+f24+f2 (9.272) 


leads to the same metric. In fact, there are such relations on the overlaps of 
open sets. 
On Kahler manifolds the various Laplacians all become identical 


Aq = 2A5 = 240. (9.273) 


The various possible choices of cohomology groups (based on d, ô and ð) 
each have a unique harmonic representative of the corresponding type, as in 
the real case described earlier. Therefore, in the case of Kahler manifolds, 
it follows that they are all identical 


HZ (M) = H5" (M) = H?4(M). (9.274) 
As a consequence, the Hodge and the Betti numbers are related by 
k 
EDR (9.275) 
p=0 


If w is a (p,q)-form on a Kähler manifold with n complex dimensions, 
then the complex conjugate form w* is a (q, p)-form. It follows that 


hPa = hI, (9.276) 


Similarly, if w is a (p, q)-form, then xw is a (n — p,n — q)-form. This implies 
that 


h”=Pn—-4 = pP, (9.277) 


One way of understanding this result is to focus on the harmonic represen- 
tatives of the cohomology classes, which are both closed and co-closed. As 
in the case of real manifolds, the Hodge dual of a closed form is co-closed 
and vice versa, so the Hodge dual of a harmonic form is harmonic. 

In terms of complex local coordinates, only the mixed components of the 
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Ricci tensor are nonvanishing for a hermitian manifold. Therefore, one can 
define a (1, 1)-form, called the Ricci form, by 


R = ik, dz" A dZ. (9.278) 


For a hermitian manifold, the exterior derivative of the Ricci form is propor- 
tional to the torsion. However, for a Kahler manifold the torsion vanishes, 
and therefore the Ricci form is closed dR = 0. It is therefore a represen- 
tative of a cohomology class belonging to H!:!(M). This class is called the 
first Chern class 


C= 3, Pl (9.279) 





EXERCISES 





EXERCISE A.1 
Use Stokes’ theorem to verify Poincaré duality. 
SOLUTION 


Consider a form A € H?(M). It can be expanded in a basis {wt}, so that 
A =a;w’. Consider also a form B € H4~?(M), which is expanded in a basis 
{vi} as B = B;v). Therefore, 
f AAB= ap f wt Avi = aibjm”. 
M M 


Now we define the dual basis to {v} as {Z;}, which are (d — p)-cycles that 


satisfy 
i si 
f° =i 


F 


According to Stokes’ theorem, we can integrate B over the (d — p)-cycle 
N = ajm” Zj, to get 


f B= I — B= ai Bm 5? = ax Bjm =i) ANB. 
N aim’ Zj M 


It follows that, for any A € H? (M), there is a corresponding N € Hg_,(M). 
This implies Poincaré duality 


H?(M) = Ha-p(M) 
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EXERCISE A.2 
Consider the complex plane with coordinate z = x + iy and the standard 
flat Euclidean metric (ds? = dx? + dy”). Compute xdz and «dz. 
SOLUTION 
Because we have a Euclidean metric, it is easy to check 

xdx=dy and xdy=-—dz, 
where we have used e*¥ = —e¥* = 1. Thus 


xdz = —idz and xdz=idz. 


EXERCISE A.3 
If V is a torsion-free connection, which means that Mn = Thm, show that 
Eq. (9.260) is equivalent to 


N? m= I Vg ma aN aa Nmd a eI Nn i: 


SOLUTION 


By definition 


Jin Van + IP Vn m — I nV qI m — IPV mI n 
sJ OA a de a I) 


+IP (OnI m +E yy Dm Tnn I) n e m). 


Because J mP gy P JA 


n and J’ Inm J’, are symmetric in (n,m), if the con- 


nection is torsion-free, these terms cancel. To see the cancellation of 


PFS Ae a 


q nA m~ qn 


we only need to exchange the index A and q of the first term. So all the 
affine connection terms cancel out, and the expression simplifies to 


N?” mn = gs + I” nJm — (n e m), 











which is what we wanted to show. 
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HOMEWORK PROBLEMS 





PROBLEM 9.1 
By considering the orbifold limit in Section 9.3 explain why the 22 harmonic 
two-forms of K3 consist of three self-dual forms and 19 anti-self-dual forms. 


PROBLEM 9.2 
Show that the Eguchi-Hanson space defined by Eq. (9.24) is Ricci flat and 
Kahler and that the Kahler form is anti-self-dual. 


PROBLEM 9.3 
Show that the curvature two-form of S? using the Fubini-Study metric is 
Tac dz ^ we l 
(1 + 2z)? 


Using this result compute the Chern class and the Chern number (that is, 
the integral of the Chern class over S?) for the tangent bundle of 92. 


PROBLEM 9.4 

Show that the Kahler potential for CP” given in Eq. (9.31) undergoes a 
Kahler transformation when one changes from one set of local coordinates 
to another one. Construct the Fubini-Study metric. 


PROBLEM 9.5 
Show that K = —log(f J) is the Kahler potential for the Kahler-structure 
modulus of a two-dimensional torus. 


PROBLEM 9.6 

Consider a two-dimensional torus characterized by two complex parame- 
ters 7 and p (that is, an angle @ is also allowed). Show that T-duality 
interchanges the complex-structure and Kahler parameters, as mentioned in 
Section 9.5, and that the spectrum is invariant under this interchange. 


PROBLEM 9.7 
Verify the Lichnerowicz equation discussed in Section 9.5: 


VW Viddnn tlhe Sogn = 0. 


Hint: use Rmn = 0 and the gauge condition in Eq. (9.91). 
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PROBLEM 9.8 
Use (9.92) to show that (9.93) and (9.96) are harmonic. 


PROBLEM 9.9 
Check the result for the Kahler potential Eq. (9.117). 


PROBLEM 9.10 
Show that Eq. (9.132) agrees with Eq. (9.129). 


PROBLEM 9.11 

Compute the scalar curvature of the conifold metric in Eq. (9.143), and 
show that it diverges at Xt = 0. Thus, the conifold singularity is a real 
singularity in the moduli space. 


PROBLEM 9.12 
Show that the operators in Eq. (9.146) are projection operators. 


PROBLEM 9.13 
Consider the Eg x Eg heterotic string compactified on a six-dimensional 
orbifold 


T? x T? x T? 
Z4 i 


where Z4 acts on the complex coordinates (21, 22, 23) of the three tori, as 
(21, 22,23) — (iz1,iz2,—z3). Identify the spin connection with the gauge 
connection of one of the Egs to find the spectrum of massless modes and 
gauge symmetries in four dimensions. 


PROBLEM 9.14 
Verify that Eq. (9.172) vanishes if J is the Kahler form. 


PROBLEM 9.15 

As mentioned in Section 9.11, compactification of the type IIB theory on 
K3 leads to a chiral theory with M = 2 supersymmetry in six dimensions. 
Since this theory is chiral, it potentially contains gravitational anomalies. 
Using the explicit form of the anomaly characteristic classes discussed in 
Chapter 5, show that anomaly cancellation requires that the massless sector 
contain 21 matter multiplets (called tensor multiplets) in addition to the 
supergravity multiplet. 
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PROBLEM 9.16 

Consider the second term in the action (9.189) restricted to two dimensions 
described by a complex variable z. Form the equation of motion of the field 
7 and show that it is satisfied by any holomorphic function T(z). 


PROBLEM 9.17 
Consider a Calabi—Yau three-fold given as an elliptically fibered manifold 
over CP! x CP! 


y? = £? + f (21, 22)@ + g(a, 22), 
where 21, 22 represent the two CP's and f, g are polynomials in f in (21, 22). 


(i) What is the degree of the polynomials f and g? Hint: write down 
the holomorphic three-form and insist that it has no zeros or poles 
at infinity. 

(ii) Compute the number of independent complex structure deformations 
of this Calabi-Yau. What do you obtain for the Hodge number h?!? 

(iii) How many Kahler deformations do you find, and what does this imply 
for htt? 


PROBLEM 9.18 
Verify properties (i)-(iii) for the G2 orbifold T’/T defined in Section 9.12. 
Show that the blow-up of each fixed point gives 12 copies of T°. 


PROBLEM 9.19 

Verify that the solution to the constraint equation for a supersymmetric 
three-cycle in a Gz manifold Eq. (9.218) is given by Eq. (9.219). Repeat the 
calculation for the supersymmetric four-cycle. 


PROBLEM 9.20 

Show that the direct product of the multi-center Taub-NUT metric dis- 
cussed in Section 8.3 with flat R? corresponds to a 7-manifold with Gə 
holonomy. 


PROBLEM 9.21 

Find the conditions, analogous to those in Exercise 9.16, defining the Spin(7) 
action that leaves invariant the four-form (9.224). Verify that there are the 
correct number of conditions. 
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Moduli-space problem 


The previous chapter described Calabi-Yau compactification for a product 
manifold M4 x M. When the ten-dimensional heterotic string is compacti- 
fied on such a manifold the resulting low-energy effective action has NV = 1 
supersymmetry, which makes it phenomenologically attractive in a num- 
ber of respects. Certain specific Calabi-Yau compactifications even lead to 
three-generation models. 

An unrealistic feature of these models is that they contain massless scalars 
with undetermined vacuum expectation values (vevs). Therefore, they do 
not make specific predictions for many physical quantities such as coupling 
constants. These scalar fields are called moduli fields, since their vevs are 
moduli for which there is no potential in the low-energy four-dimensional 
effective action. This moduli-space problem or moduli-stabilization problem 
has been recognized, but not emphasized, in the traditional string theory 
literature. This situation changed with the discovery of string dualities and 
recognition of the key role that branes play in string theory. 

As discussed in Chapter 8, the moduli-space problem already arises for 
simple circle compactification of D = 11 supergravity, where the size of the 
circle is a modulus, dual to the vev of the type IIA dilaton, which is un- 
determined. A similar problem, in a more complicated setting, appears for 
the volume of the compact space in conventional Calabi-Yau compactifica- 
tions of any superstring theory. In this case the size of the internal manifold 
cannot be determined. 


Warped compactifications 


Recently, string theorists have understood how to generate a potential that 
can stabilize the moduli fields. This requires compactifying string theory 


456 
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on a new type of background geometry, a warped geometry. Warped com- 
pactifications also provide interesting models for superstring and M-theory 
cosmology. Furthermore, they are relevant to the duality between string 
theory and gauge theory discussed in Chapter 12. 

In a warped geometry, background values for certain tensor fields are 
nonvanishing, so that associated fluxes thread cycles of the internal manifold. 
An n-form potential A with an (n + 1)-form field strength F = dA gives a 


magnetic flux of the form? 
I F, (10.1) 
Yn+1 


that depends only on the homology of the cycle yn+1. Similarly, in D di- 
mensions the same field gives an electric flux 


i xF, (10.2) 
YD-n-1 


where the star indicates the Hodge dual in D dimensions. This flux depends 
only on the homology of the cycle yp_n_1. 


Flux quantization 


This chapter explores the implications of flux compactifications for the 
moduli-space problem, and it presents recent developments in this active 
area of research. The fluxes involved are strongly constrained. This is im- 
portant if one hopes to make predictions for physical parameters such as the 
masses of quarks and leptons. The form of the n-form tensor fields that solve 
the equations of motion is derived, and the important question of which of 
these preserve supersymmetry and which do not is explored. 

In addition to the equations of motion, a second type of constraint arises 
from flux-quantization conditions. Section 10.5 shows that when branes are 
the source of the fluxes, the quantization is simple to understand: the flux 
(suitably normalized) through a cycle surrounding the branes is the number 
of enclosed branes, which is an integer. For manifolds of nontrivial homology, 
there can be integrally quantized fluxes through nontrivial cycles even when 
there are no brane sources, as is explained in Section 10.1. In such cases, the 
quantization is a consequence of the generalized Dirac quantization condition 
explained in Chapter 6. In special cases, there can be an offset by some 
fraction in the flux quantization rule due to effects induced by curvature. 
1 Warped geometries have been known for a long time, but their role in the moduli-stabilization 


problem was only recognized in the 1990s. 
2 It is a matter of convention which flux is called magnetic and which flux is called electric. 
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This happens in M-theory, for example, due to higher-order quantum gravity 
corrections to the D = 11 supergravity action, as is explained in Section 10.5. 


Flux compactifications 


Let us begin by considering compactifications of M-theory on manifolds that 
are conformally Calabi-Yau four-folds. For these compactifications, the met- 
ric differs from a Calabi-Yau metric by a conformal factor. Even though 
these models are phenomenologically unrealistic, since they lead to three- 
dimensional Minkowski space-time, in some cases they are related to M = 1 
theories in four dimensions. This relatively simple class of models illustrates 
many of the main features of flux compactifications. More complicated ex- 
amples, such as type IIB and heterotic flux compactifications, are discussed 
next. In the latter case nonzero fluxes require that the internal compactifica- 
tion manifolds are non-Kahler but still complex. It is convenient to describe 
them using a connection with torsion. 


The dilaton and the radial modulus 


Two examples of moduli are the dilaton, whose value determines the string 
coupling constant, and the radial modulus, whose value determines the size 
of the internal manifold. Classical analysis that neglects string loop and in- 
stanton corrections is justified when the coupling constant is small enough. 
Similarly, a supergravity approximation to string theory is justified when 
the size of the internal manifold is large compared to the string scale. When 
there is no potential that fixes these two moduli, as is the case in the ab- 
sence of fluxes, these moduli can be tuned so that these approximations are 
arbitrarily good. Therefore, even though compactifications without fluxes 
are unrealistic, at least one can be confident that the formulas have a regime 
of validity. This is less obvious for flux compactifications with a stabilized 
dilaton and radial modulus, but it will be shown that the supergravity ap- 
proximation has a regime of validity for flux compactifications of M-theory 
on manifolds that are conformally Calabi—-Yau four-folds. 

More generally, moduli fields are stabilized dynamically in flux compactifi- 
cations. While this is certainly what one wants, it also raises new challenges. 
How can one be sure that a classical supergravity approximation has any 
validity at all, once the value of the radial modulus and the dilaton are sta- 
bilized? There is generally a trade-off between the number of moduli that 
are stabilized and the amount of mathematical control that one has. This 
poses a challenge, since in a realistic model all moduli should be stabilized. 
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Some models are known in which all moduli are fixed, and a supergravity 
approximation still can be justified. In these models the fluxes take integer 
values N, which can be arbitrarily large in such a way that the supergravity 
description is valid in the large N limit. 


The string theory landscape 


Even though flux compactifications can stabilize the moduli fields appear- 
ing in string theory compactifications, there is another troubling issue. Flux 
compactifications typically give very many possible vacua, since the fluxes 
can take many different discrete values, and there is no known criterion for 
choosing among them. These vacua can be regarded as extrema of some po- 
tential, which describes the string theory landscape. Section 10.6 discusses 
one approach to addressing this problem, which is to accept the large de- 
generacy and to characterize certain general features of typical vacua using 
a statistical approach. 


Fluxes and dual gauge theories 


Chapter 12 shows that superstring theories in certain backgrounds, which 
typically involve nonzero fluxes, have a dual gauge-theory description. The 
simplest examples involve conformally invariant gauge theories. However, 
there are also models that provide dual supergravity descriptions of confining 
supersymmetric gauge theories. Section 10.2 describes a flux model that is 
dual to a confining gauge theory in the context of the type IIB theory, the 
Klebanov—Strassler (KS) model. The dual gauge theory aspects of this model 
are discussed in Chapter 12. 


Brane-world scenarios 


An alternative to the usual Kaluza—Klein compactification method of hid- 
ing extra dimensions, called the brane-world scenario, is described in Section 
10.2. One of the goals of this approach is to solve the gauge hierarchy prob- 
lem, that is, to explain why gravity is so much weaker than the other forces. 
The basic idea is that the visible Universe is a 3-brane, on which the stan- 
dard model fields are confined, embedded in a higher dimension space-time. 
Extra dimensions have yet to be observed experimentally, of course, but in 
this set-up it is not out of the question that this could be possible.? While 


3 The search for extra dimensions is one of the goals of the Large Hadron Collider (LHC) at 
CERN, which is scheduled to start operating in 2007. 
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the standard model fields are confined to the 3-brane, gravity propagates in 
all 4+ dimensions. Section 10.2 shows that the hierarchy problem can be 
solved if the (4 + n)-dimensional background geometry is not factorizable, 
that is, if it involves a warp factor, like those of string theory flux compact- 
ifications. In fact, flux compactifications of string theory give a warp factor 
in the geometry, which could provide a solution to the hierarchy problem. 
This is an alternative to the more usual approach to the hierarchy problem 
based on supersymmetry broken at the weak scale. 


Fluxes and superstring cosmology 


The Standard Big Bang model of cosmology (SBB) is the currently accepted 
theory that explains many features of the Universe such as the existence of 
the cosmic microwave background (CMB). The CMB accounts for most of 
the radiation in the Universe. This radiation is nearly isotropic and has 
the form of a black-body spectrum. However, there are small irregularities 
in this radiation that can only be explained if, before the period described 
by the SBB, the Universe underwent a period of rapid expansion, called 
inflation. This provides the initial conditions for the SBB theory. Different 
models of inflation have been proposed, but inflation ultimately needs to be 
derived from a fundamental theory, such as string theory. This is currently 
a very active area of research in the context of flux compactifications, and it 
is described towards the end of this chapter. Cosmology could provide one 
of the most spectacular ways to verify string theory, since strings of cosmic 
size, called cosmic strings, could potentially be produced. 


10.1 Flux compactifications and Calabi—Yau four-folds 


In the traditional string theory literature, compactifications to fewer than 
four noncompact space-time dimensions were not considered to be of much 
interest, since the real world has four dimensions. However, this situa- 
tion changed with the discovery of the string dualities described in Chap- 
ters 8 and 9. In particular, it was realized that M-theory compactifications 
on conformally Calabi-Yau four-folds, which are discussed in this section, 
are closely related to certain F-theory compactifications to four dimensions. 
Since the three-dimensional theories have M = 2 supersymmetry, which 
means that there are four conserved supercharges, they closely resemble 
four-dimensional theories with MN = 1 supersymmetry. 

Recall that Exercise 9.4 argued that a supersymmetric solution to a the- 
ory with global V = 1 supersymmetry is a zero-energy solution of the equa- 
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tions of motion. By solving the first-order supersymmetry constraints one 
obtains solutions to the second-order equations of motion, and thus a con- 
sistent string-theory background. One has to be careful when generalizing 
this to theories with local supersymmetry, since solving the Killing spinor 
equations does not automatically ensure that a solution to the full equations 
of motion. This section shows that the supersymmetry constraints for flux 
compactifications, together with the Bianchi identity, yield a solution to the 
equations of motion, which can be derived from a potential for the moduli, 
and that this potential describes the stabilization of these moduli. 


M-theory on Calabi—Yau four-folds 


The bosonic part of the action for 11-dimensional supergravity, presented in 
Chapter 8, is 


2k? S = fiva (r = slr) [As ^ Fy A Fa. (10.3) 


1 

6 
The only fermionic field is the gravitino and a supersymmetric configuration 
is a nontrivial solution to the Killing spinor equation 


ôm =VmE+ a (TuF® = 3F\y ) e=0. (10.4) 


The notation is the same as in Section 8.1. This equation needs to be solved 
for some nontrivial spinor € and leads to constraints on the background 
metric as well as the four-form field strength. In Chapter 9 a similar analysis 
of the supersymmetry constraints for the heterotic string was presented. 
However, there the three-form tensor field was set to zero for simplicity. 

In general, it is inconsistent to set the fluxes to zero, unless additional sim- 
plifying assumptions (or truncations) are made. This section shows that van- 
ishing fluxes are inconsistent for most M-theory compactifications on eight 
manifolds due to the effects of quantum corrections to the action Eq. (10.3). 


Warped geometry 


Let us now construct flux compactifications of M-theory to three-dimensional 
Minkowski space-time preserving M = 2 supersymmetry.* The most gen- 
eral ansatz for the metric that is compatible with maximal symmetry and 
Poincaré invariance of the three-dimensional space-time is a warped metric. 
This means that the space-time is not a direct product of an external space- 
time with an internal manifold. Rather, a scalar function depending on the 


4 A similar analysis can be performed to obtain models with M = 1 supersymmetry. 
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coordinates of the internal dimensions A(y) is included. The explicit form 
for the metric ansatz is 


ds? = A(y)7! nuvdeMde” +A(y)/? gmn(y)dy™dy”, (10.5) 
No oe ee 
3D flat 8D internal 
space-time manifold 


where x” are the coordinates of the three-dimensional Minkowski space-time 
Mz and y™ are the coordinates of the internal Euclidean eight-manifold 
M. In the following we consider the case in which the internal manifold 
is a Calabi-Yau four-fold, which results in M = 2 supersymmetry in three 
dimensions. The scalar function A(y) is called the warp factor. The powers 
of the warp factor in Eq. (10.5) have been chosen for later convenience. 

In general, a warp factor can have a dramatic influence on the properties 
of the geometry. Consider the example of a torus, which can be described 
by the flat metric 


ds? =d@?+dy?_—s with 0<0<r7, 0<yp<2r. (10.6) 
By including a suitable warp factor, the torus turns into a sphere 
ds? = d8? + sin? Ody’, (10.7) 


leading to topology change. Moreover, once the warp factor is included, 
it is no longer clear that the space-time splits into external and internal 
components. However, this section shows (for flux compactifications of M- 
theory on Calabi-Yau four-folds) that the effects of the warp factor are 
subleading in the regime in which the size of the four-fold is large. In this 
regime, one can use the properties of Calabi-Yau manifolds discussed in 
Chapter 9. 


Decomposition of Dirac matrices 


To work out the dimensional reduction of Eq. (10.4), the 11-dimensional 
Dirac matrices need to be decomposed. The decomposition that is required 
for the 11 = 3+ 8 split is 


Py =A (4,879) and Tm=A¥4(1@%m), (10.8) 


where y,, are the 2 x 2 Dirac matrices of M3. Concretely, they can be 
represented by 


y = io, 1 = 02 and Y2 = 03, (10.9) 
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where the o’s are the Pauli matrices 


0 1 0 —i 1 0 
a(i a a= (\ ) and oa= (1 Er (10.10) 


Moreover, ym are the 16 x 16 gamma matrices of M and Jọ is the eight- 
dimensional chirality operator that satisfies yj = 1 and anticommutes with 
the other eight y,’s. It is both possible and convenient to choose a repre- 
sentation in which the ym and yg are real symmetric matrices. In a tangent- 
space basis one can choose the eight 16 x 16 Dirac matrices on the internal 
space M to be 


02 ® 02818013, 028013 802@1, 


10.11 
02 8 1 Q 01,3 8 02, o3 818181 ( ) 


Then one can define a ninth symmetric matrix that anticommutes with all 
of these eight as 

Yo = V1 -Y8 = 02 8 02 Q 02 È 02, (10.12) 
from which the chirality projection operators 


Ps = (1 + %9)/2 (10.13) 











are constructed. 


Decomposition of the spinor 


The 11-dimensional Majorana spinor € decomposes into a sum of two terms 
of the form 


elx, y) = C(x) @ nly) + C*(z) 8 n” (y), (10.14) 


where ¢ is a two-component anticommuting spinor in three dimensions, while 
7 is a commuting 16-component spinor in eight dimensions. A theory with 
N = 2 supersymmetry in three dimensions has two linearly independent 
Majorana—Weyl spinors 7, 72 on M, which have been combined into a 
complex spinor in Eq. (10.14). In general, these two spinors do not need to 
have the same chirality. However, for Calabi-Yau four-folds the spinor on 
the internal manifold is complex and Weyl 


n=m+in with (y—1)n=0. (10.15) 


This sign choice for the eigenvalue of y9, which is just a convention, is 
called positive chirality. The two real spinors 7, 72 correspond to the two 
singlets in the decomposition of the 8. representation of Spin(8) to SU(A4), 
the holonomy group of a Calabi-Yau four-fold, 


8.66161. (10.16) 
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Fig. 10.1. This figure illustrates the Poincaré—Hopf index theorem. A continuous 
vector field on a sphere must have at least two zeros, which in this case are located 
at the north and south poles, since the Euler characteristic is 2. On the other hand, 
a vector field on a torus can be nonvanishing everywhere since x = 0. 


Nonchiral spinors 


If m and ņ have opposite chirality the complex spinor n = 7, + in is 
nonchiral. The two spinors of opposite chirality define a vector field on the 
internal manifold 


Va = niyan. (10.17) 


Requiring this vector to be nonvanishing leads to an interesting class of solu- 
tions. Indeed, the Poincaré-Hopf index theorem of algebraic topology states 
that the number of zeros of a continuous vector field must be at least equal to 
the absolute value of the Euler characteristic x of the background geometry. 
As a result, a nowhere vanishing vector field only exists for manifolds with 
x = 0. An example of this theorem is illustrated in Fig. 10.1. Flux back- 
grounds representing M5-branes filling the three-dimensional space-time and 
wrapping supersymmetric three-cycles on the internal space are examples of 
this type of geometries. Moreover, once the spinor is nonchiral, compacti- 
fications to AdS3 spaces become possible. Compactifications to AdS space 
are considered in Chapter 12, so the discussion in this chapter is restricted 
to spinors of positive chirality. It will turn out that AdS3 is not a solution 
in this case. 


Solving the supersymmetry constraints 


The constraints that follow from Eq. (10.4) are influenced by the warp- 
factor dependence of the metric. As was pointed out in Chapter 8, there 
is a relation between the covariant derivatives of a spinor with respect to 
a pair of metrics that differ by a conformal transformation. In particular, 
in the present case, the internal and external components of the metric are 
rescaled with a different power of the warp factor and the vielbeins are given 
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by Ez = ATEA and E% = A!/fe% . This leads to 


Vue > Vue — ATT (Yu D VY) OmA€, 
(10.18) 
VmE 2 Vmet aA nA (18 m”)E. 
For compactifications to maximally symmetric three-dimensional space-time, 
Poincaré invariance restricts the possible nonvanishing components of F4 to 


Fmnpqaly) and Fuvom >= Enwptm(y), (10.19) 


where E,vp is the completely antisymmetric Levi-Civita tensor of M3. Once 
the gamma matrices are decomposed as in Eq (10.8), the nonvanishing flux 
components take the form 


FO =A 1(1@F) + A4(1@ yf), 


FO) z A3/4 (4, @f), (10.20) 
Fy) =—A?/? f(y) (1@ 79) + A7341 8 Fm), 


where F, Fm and f are defined like their ten-dimensional counterparts, but 
the tensor fields are now contracted with eight-dimensional Dirac matrices 


1 1 
E= ane r En = Enn S and A fyi: 


24 6 
(10.21) 
The gravitino supersymmetry transformation Eq. (10.4) has external and 
internal components depending on the value of the index M. 


External component of the gravitino equation 


Let us analyze the external component dV,, = 0 first. In three-dimensional 
Minkowski space-time a covariantly constant spinor, satisfying 





Vic =0, (10.22) 

can be found. As a result, the 6V,, = 0 equation becomes 
1 
PA? n+ fn + SASA =0, (10.23) 

which by projecting on the two chiralities using the projection operators P+ 
leads to 

Fn = 0, (10.24) 
and 


fin(y) = —OmA??. (10.25) 


466 Flux compactifications 


The last of these equations provides a relation between the external flux 
component and the warp factor. 


Internal component of the gravitino equation 


After decomposing the gamma matrices and fluxes using Eqs (10.8) and 
(10.20), respectively, the internal component of the supersymmetry trans- 
formation Ym = 0 takes the form 


1 1 
Vnn + ge mAn = po TF =0. (10.26) 
This equation leads to 
Fm =0 and Vie = 0, (10.27) 


where 
E = Ain. (10.28) 


Since € is a nonvanishing covariantly constant complex spinor with defi- 
nite chirality, the second expression in Eq. (10.27) states that the internal 
manifold M is conformal to a Calabi-Yau four-fold. 


Conditions on the fluxes 


The mathematical properties of Calabi-Yau four-folds are similar to those 
of three-folds, as discussed in Chapter 9. The covariantly constant spinor 
appearing in Eq. (10.27) can be used to define the almost complex structure 
of the internal manifold 


J = —itty_°E, (10.29) 


which has the same properties as for the Calabi-Yau three-fold case, as you 
are asked to verify in Problems 10.2, 10.3. Recall that the Dirac algebra for 
a Kahler manifold 


fv} =0, {7,7} =0, {7} = 29, (10.30) 


can be interpreted as an algebra of raising and lowering operators. This 
is useful for evaluating the solution of Eq. (10.27). To see this rewrite 
Eq. (10.29) as 


Ja = igap = iE Yat = itt (VaV — Gab) E- (10.31) 
This implies 
0 = Eya tE = (yal)! (E). (10.32) 
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By setting @ = b the previous equation implies that € is a highest-weight 
state that is annihilated by ya, 


aE =E= 0, (10.33) 


for all indices on the Calabi-Yau four-fold. Using this result, Exercise 10.3 
shows that the first condition in Eq. (10.27) implies the vanishing of the 
following flux components: 








F% = F° = FI = Pòl =o, (10.34) 


and that the only nonvanishing component is F € H':2), which must satisfy 
the primitivity condition 


Pee = 0. (10.35) 


a 


Since € has a definite chirality, F is self-dual on the Calabi-Yau four-fold, 
as is explained in Exercise 10.2. The self-duality implies that Eq. (10.35) 


can be written in the following form:° 


P32 KJ = 0. (10.36) 


As a result of the above analysis, supersymmetry is unbroken if F lies in the 
primitive (2,2) cohomology, that is, 


Fe HH) (M). (10.37) 


primitive 


In the following the general definition of primitive forms is given and their 
relevance in building the complete de Rham cohomology is discussed. 


Primitive cohomology 


Any harmonic (p, q)-form of a Kahler manifold can be expressed entirely in 
terms of primitive forms, a representation known as the Lefschetz decompo- 
sition. This construction closely resembles the Fock-space construction of 





angular momentum states |j,m) using raising and lowering operators J+. 
Chapter 9 discussed the Hodge decomposition of the de Rham cohomology 
of a compact Kahler manifold. The Lefschetz decomposition is compatible 
with the Hodge decomposition, as is shown below. 

On a compact Kahler manifold M of complex dimension d (and real di- 
mension 2d) with Kahler form J, one can define an SU(2) action on harmonic 


5 Problem 10.5 asks you to verify that the primitivity condition is modified when the complex 
spinor on the internal manifold is nonchiral. 
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forms (and hence the de Rham cohomology) by 
J3 : G3 3(d—n)G, 


J2 : G>JAG, (10.38) 


J} : Go JPP? G pipo... pn dL Ns A da”, 


1 
2(n—2)! 


where G is a harmonic n-form. Notice that J— lowers the J3 eigenvalue by 
one and as a result acts as a lowering operator while J, increases the value 
of J3 by one and thus acts as a raising operator. Problem 10.6 asks you to 
verify that these operators satisfy an SU (2) algebra. 

As in the case of the angular momentum algebra, the space of harmonic 
forms can be classified according to their J3 and J? eigenvalues, with basis 
states denoted by 


m) with m=-—j,-j4+1,...,j—1,j. (10.39) 


Primitive forms are defined as highest-weight states that are annihilated by 
J, that is, 


J+ Gprimitive = 0, (10.40) 
and may be denoted by |j, 7). All other states (or harmonic forms) can then 


be obtained by acting with lowering operators J_ on primitive forms. A 
primitive n-form also satisfies 





JAT Carre ees =0 where = (10.41) 


Notice that the primitive forms in the middle-dimensional cohomology (that 
is, with n = d) correspond to j = 0. So they are singlets |0,0) that are 
annihilated by both the raising and lowering operators 


JG =O or JAG = 0, (10.42) 


These two formulas correspond to Eqs (10.35) and (10.36), respectively. 
This discussion makes it clear that primitive forms can be used to construct 
any harmonic form and hence representatives of every de Rham cohomology 
class. Schematically, the Lefschetz decomposition is® 


= JE Hvimitive(M). (10.43) 


6 It would be more precise to write Harm” (M) instead of H” (M). 
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The Lefschetz decomposition is compatible with the Hodge decomposition, 
so that we can also write 


H®D)(M -Qx H-E- DM M). (10.44) 


primitive 


In this way any harmonic (p, q)-form can be written in terms of primitive 
forms. If M is a Calabi-Yau four-fold, it follows from Eq. (10.41) that 
primitive (p, q)-forms satisfy 


JAA J AF iimitive = O- (10.45) 
5—p—q times 


In the case of a Calabi-Yau four-fold, it is a useful fact that the Hodge x 
operator has the eigenvalue (—1)? on the primitive (p,4 — p) cohomology 
(see Exercise 10.4). This is of relevance in Section 10.3. 


Tadpole-cancellation condition 


We have learned that unbroken supersymmetry requires that the internal 
flux components Fimnpq(y) are given by a primitive (2, 2)-form, Eq. (10.37), 
and the external flux components fm(y) are determined in terms of the warp 
factor by Eq. (10.25). The equation that determines the warp factor follows 
from the equation of motion of the four-form field strength. Using self- 
duality, it would make the energy density | F4]? 
of log A, which gives zero when integrated over the internal manifold. If 
this were the whole story, one would be forced to conclude that the flux 
vanishes, so that one is left with ordinary Calabi-Yau compactification of 
the type discussed in Chapter 9. However, quantum gravity corrections to 


proportional to the Laplacian 


11-dimensional supergravity must be taken into account, and then nonzero 
flux is required for consistency. Let us explain how this works. 

The action for 11-dimensional supergravity receives quantum corrections, 
denoted 6S, coming from an eight-form Xs that is quartic in the Riemann 
tensor 





6S = -De | A3 A Xs, (10.46) 
M 
where 
EE. | D are my). (10.47) 
(2Q7)* | 192 x 


This correction term was first derived by considering a one-loop scattering 
amplitude in type IIA string theory involving four gravitons Gy and one 
two-form tensor field B,,. In the type IIA theory the correction takes a 
similar form as in M-theory, with the three-form A3 replaced by the NS—NS 
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uv uv 


Fig. 10.2. The higher-order interaction in Eq. (10.46) can be determined by calcu- 
lating a one-loop diagram in type IIA string theory, involving four gravitons and 
one NS-NS two-form field, whose result can then be lifted to M-theory. 


two-form Bə. Since the result does not depend on the dilaton, it can be 
lifted to M-theory. 

The 6S term is also required for the cancellation of anomalies on bound- 
aries of the 11-dimensional space-time, such as those that are present in the 
strongly coupled Eg x Eg theory, which is also know as heterotic M-theory. 
This was discussed in Chapter 5. Together with the original f Ag A Fy A Fy 
term it gives the complete Chern—Simons part of the theory, so it is not just 
the leading term in some expansion. In fact, it is the only higher-derivative 
term that can contribute to the problem at hand in the large-volume limit. 

The field strength satisfies the Bianchi identity 


dF =0. (10.48) 


Furthermore, the 6S term contributes to the 11-dimensional equation of 
motion of the four-form field strength. Combining Eqs (10.3) and (10.46), 
the result is 


1 
dx Fy me Fa A Fy 267, Tuo Xs. (10.49) 
Using Eq. (10.25) this gives an equation for the warp factor 
1 4 
dxs dlog A =F AF + gh TueXs. (10.50) 


Integrating this expression over the internal manifold leads to the tadpole- 
cancellation condition, as follows. The integral of the left-hand side vanishes, 
since it is exact, and (for the time being) it is assumed that no explicit delta 
function singularities are present. In other words, it is assumed that no 
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space-filling M2-branes are present. To obtain the result of the Xs integra- 
tion, it is convenient to express the anomaly characteristic class Xg in terms 
of the first and second Pontryagin forms of the internal manifold 








1 1 1 1 1 
P = —-trR? d P= trRf + -(trR?)?| . 
i zl 2” ) anh, a a E 
(10.51) 
This gives 
1 p2 
Xs = zz PI — 4P). (10.52) 


For complex manifolds the Pontryagin classes are related to the Chern classes 
by 


P = 2 — 2c9 and Py = 2 — 2c1c3 + 2c4. (10.53) 


Thus 
1 


~ 192 
Calabi-Yau manifolds have vanishing first Chern class, so the only nontrivial 
contribution comes from the fourth Chern class. This in turn is related to 





Xs (ct — 4c?cq + 8c1c3 — 8c4). (10.54) 


the Euler characteristic x, so 


1 x 
X=- f Se, 10.55 
J 24 Ju 24 029) 


Thus, Eq. (10.50) leads to the tadpole-cancellation condition 


X 


AF= 2. 
24 


— 10.56 
4K? Tue ri ( ) 


Fluxes without sources 


Using the last equation, it is possible to estimate the order of magnitude of 
the internal flux components. Expressing K and the M2-brane tension in 
terms of the 11-dimensional Planck length 4p yields 


467, Tm = 2(27£,)°. (10.57) 


As a result, the order of magnitude of the fluxes is 


8 
Frap 0 (3) , (10.58) 


where v is the volume of the Calabi-Yau four-fold. Comparing this result 
with Eq. (10.50) shows that the warp factor satisfies log A ~ L Juht, or if 
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Fig. 10.3. According to Maxwell’s theory, an electric current in a solenoid gener- 
ates a magnetic field even though no monopoles, electric or magnetic, are present. 
The integral of the field strength and its dual over any closed surface in space van- 
ishes. Similarly, nontrivial flux solutions exist in M-theory, even when no 6-function 
sources, corresponding to M2-branes or M5-branes, are present. 


this is small 
£6 
Ax1+0 zr) (10.59) 


In the approximation in which the size of the Calabi-Yau is very large, that 


1/8 _, 0, the background metric becomes unwarped. 


is, when p/v 

This analysis shows that nontrivial flux solutions are possible even in the 
absence of explicit delta function sources for M2-branes or M5-branes, which 
would appear in the equation of motion and Bianchi identity for F4. A rather 
similar situation appears in ordinary Maxwell theory, where a magnetic flux 
is generated by an electric current running through a loop even though there 
are no magnetic monopoles, as illustrated in Fig. 10.3. 

According to Eq. (10.50), nonsingular solutions for the warp factor and 
the background geometry are possible even in the absence of explicit brane 
sources. In fact, a nonsingular background is necessary to justify rigorously 
the validity of the supergravity approximation everywhere in space-time. 
Nevertheless, the supergravity approximation is valid for singular solutions 
provided that the delta-function singularities are treated carefully. 


Inclusion of M2-brane sources 


If M2-branes filling the external Minkowski space are also present, an addi- 
tional integer N (the number of M2-branes) appears on the left-hand side 
of Eq. (10.56), resulting in 


1 f X 
+ — FAF=—. 10.60 
4r? Two M 24 ( ) 
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Since F is self-dual, both terms on the left-hand side of this equation are 
positive. So if x > 0, there are supersymmetry preserving solutions with 
nonvanishing flux or M2-branes. The number of these solutions is finite, 
because of quantization constraints on the fluxes that are discussed in Sec- 
tion 10.6. For x < 0 there are no supersymmetric solutions. 


Interactions of moduli fields 


As discussed in Chapter 9, a Calabi-Yau four-fold has three independent 
Hodge numbers (h!!, h>! and h?:!), each of which gives the multiplicities 
of scalar fields in the lower-dimensional theory. The purpose here is to show 
that many of these fields can be stabilized by fluxes. 


The D = 3 field content 


The variations of the complex structure of a Calabi-Yau four-fold are parametrized 
by h! complez parameters T7, the complex-structure moduli fields, which 
belong to chiral supermultiplets. Deformations of the Kahler structure give 

rise to hb! real moduli K4. Thus, the Kahler form is 


hil 
J=Ņ_ Keg, (10.61) 
A=1 


where e4 is a basis of harmonic (1,1)-forms. Together with the ht! vec- 
tors arising from the three-form A3 these give htt three-dimensional vec- 
tor supermultiplets. Moreover, h>! additional complex moduli N7, belong- 
ing to chiral supermultiplets, arise from the three-form Ag. For simplic- 
ity of the presentation, the scalars N/ are ignored in the discussion that 
follows. The conditions for unbroken M = 2 supersymmetry in three di- 
mensions, described above, can be regarded as conditions that determine 
some of the scalar fields in terms of the fluxes. Let us therefore derive the 
three-dimensional interactions that account for these conditions. A more 
direct derivation, based on a Kaluza—Klein compactification, is given in Sec- 
tion 10.3. 

In the absence of flux it is possible to make duality transformations that 
replace the vector multiplets by chiral multiplets. In particular, the vectors 
are replaced by scalars. Once this is done, the Kahler moduli are complex- 
ified. When fluxes are present there are nontrivial Chern—Simons terms. 
Nevertheless the duality transformation is still possible, but it becomes more 
complicated. Thus, we prefer to work with the real Kahler moduli. 
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Superpotential for complex-structure moduli 


The complex-structure moduli T/ appear in chiral multiplets, and the inter- 
actions responsible for stabilizing them are encoded in the superpotential 


1 
Ww°1(T) = z) QAF, (10.62) 
2T M 


where Q is the holomorphic four-form of the Calabi-Yau four-fold, and we 
have set k11 = 1. There are several different methods to derive Eq. (10.62). 
The simplest method, which is the one used here, is to verify that this super- 
potential leads to the supersymmetry constraints Eq. (10.34). An alternative 
derivation is presented in Section 10.3, where it is shown that Eq. (10.62) 
arises from Kaluza-Klein compactification of M-theory on a manifold that 
is conformally Calabi-Yau four-fold. 

In space-times with a vanishing cosmological constant, the conditions for 
unbroken supersymmetry are the vanishing of the superpotential and the 
vanishing of the Kähler covariant derivative of the superpotential, that is, 


Wèl =D,;W??=0 with J=1,...,A*, (10.63) 


where D;W?! = 0;W?! — W3:10;K?:!, and Kt is the Kahler potential on 
the complex-structure moduli space introduced in Section 9.6, namely 


Ke = log (J QA a) (10.64) 
M 


The Kahler potential is now formulated in terms of the holomorphic four- 
form instead of the three-form used in Chapter 9. The condition W?:! = 0 
implies 

pi = F’ — 9, (10.65) 


As in the three-fold case of Section 9.6, rQ generates the (3, 1) cohomology 
so that the second condition in Eq. (10.63) imposes the constraint 


Fis = Pl = 0. (10.66) 


The form of the superpotential in Eq. (10.62) holds to all orders in per- 
turbation theory, because of the standard nonrenormalization theorem for 
the superpotentials. This theorem, which is most familiar for M = 1 the- 
ories in D = 4, also holds for NV = 2 theories in D = 3." Supersymmetry 


7 The basic argument is that since the superpotential is a holomorphic function, the size of 
the internal manifold could only appear in the superpotential paired up with a corresponding 
axion. However, the superpotential cannot depend on this axion, as otherwise the axion shift 
symmetry would be violated. Correspondingly, the superpotential does not depend on the size 
of the internal manifold, and its form is not corrected in perturbation theory. Nonperturbative 
corrections are nevertheless allowed, as they violate the axion shift symmetry. For more details 
see GSW, Vol. II. 
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implies that the superpotential Eq. (10.62) generates a scalar potential for 
the complex-structure moduli fields, so that these fields are stabilized. This 
potential is discussed in Section 10.3. 


Interactions of the Kahler moduli 
The primitivity condition, 


F2? AJ = 0, (10.67) 


is the equation that stabilizes the Kahler moduli. This condition can be 
derived from the real potential 


W1'(K) = f JIAJAF, (10.68) 
M 

where J is the Kähler form. This interaction is sometimes called a superpo- 

tential in the literature, but it is not a holomorphic function, so this name 

is somewhat misleading. Supersymmetry imposes the constraint 


Wit = ðaWtt=0 with A=1,...,A!, (10.69) 


which leads to the primitivity condition. Section 10.3 shows that W11 
appears in the scalar potential for the moduli fields of M-theory compactified 
on a Calabi-Yau four-fold. 


F-theory on Calabi—Yau four-folds 


The M-theory compactifications on manifolds that are conformally Calabi- 
Yau four-folds are dual to certain F-theory compactifications on Calabi- 
Yau four-folds, which lead to four-dimensional space-times with M = 1 
supersymmetry. Thus, this dual formulation is more attractive from the 
phenomenological point of view. The F-theory backgrounds one is interested 
in are nonperturbative type IIB backgrounds in which the Calabi-Yau four- 
fold is elliptically fibered, as was discussed in Chapter 9. 

To be concrete, the Calabi-Yau four-fold one is interested in can be de- 
scribed locally as a product of a Calabi-Yau three-fold times a torus. The 
conditions on the four-form fluxes derived above correspond to conditions 
on three-form fluxes in the type IIB theory. Concretely, the relation between 


the F-theory four-form and type IIB three-form is 
1 
Fy = —— (G3 A dz — G3 Adz), (10.70) 


T—T 


8 Locally, this is always possible, except at singular fibers. 
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where 


dz = do, + Tdo?2. (10.71) 


01,2 are the coordinates parametrizing the torus, and 7 is its complex struc- 
ture, which in the type IIB theory is identified with the axion—dilaton field. 
Moreover, G3 = F3 — 7 H3 is a combination of the type IIB R-R and NS-NS 
three-forms. In components, this implies that 


1 





Fis = [(G4)°8 A dz — (G3)'* A dz], (10.72) 


T — 


1 
Pot = = —~ (G3)? A dz. (10.73) 
T-T 
Imposing the M-theory supersymmetry constraints F°4 = F13 = 0 leads to 
the supersymmetry constraints for the type IIB three-form 


G3 € H@), (10.74) 


while the remaining components of G3 vanish. The next section shows that 
any harmonic (2, 1)-form on a Calabi-Yau three-fold with A+? = 0 is primi- 
tive. Therefore, primitivity is automatic if the background is a Calabi-Yau 
three-fold with nonvanishing Euler characteristic. Otherwise, it is an addi- 
tional constraint that has to be imposed. 

Many examples of M-theory and F-theory compactifications on Calabi- 
Yau four-fold have been constructed in the literature. A simple example is 
described by M-theory on K3 x K3, which leads to a theory with M = 4 
supersymmetry in three dimensions. Other examples include orbifolds of 
T? x T? x T? x T’. 





EXERCISES 





EXERCISE 10.1 
Explain the powers of A in Eq. (10.20). 


SOLUTION 


The powers of A in Eq. (10.20) are a straightforward consequence of the 
powers of A appearing in the gamma matrices in Eq. (10.8). 
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EXERCISE 10.2 

Show that if the Killing spinor € has positive chirality, that is, if yo€ = +€, 
F is self-dual on the Calabi-Yau four-fold, as stated in the text. What 
happens if we reverse the chirality of €? 


SOLUTION 


Using the gamma-matrix identities listed in the appendix of this chapter it 
is possible to show that 


1 
F,,F€ = —2F7¢ = Ta Emna CEKA F io ae £; 





where yg = +€. Since Fmé = FE = 0, it follows that 
(FF*xF}? =0. 
This quantity is positive and therefore 


F=+xF for Yo& = EE. 








Thus, positive-chirality spinors lead to a self-dual F. If the chirality is 











reversed, self-duality is replaced by anti-self-duality. 





EXERCISE 10.3 


Show that a harmonic four-form on a Calabi—Yau four-fold satisfying F mé = 
0 belongs to Hee 


rimitive* 

SOLUTION 

In complex coordinates the condition F,,€ = 0 implies 
F, De e ae, ae = 0, 


where m can be a holomorphic or antiholomorphic index. Each of these 
terms has to vanish separately: 


e Using Eq. (10.33), the condition Fagy E = 0 implies 
nae fia Pel g = 6F ng E =0. 
This in turn implies that 


F mä lve; | E= AF neY E = 0, 





which yields 
F mäe {Y7, y7} E = 2F def S = 0. 
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Since m can be holomorphic or antiholomorphic and F is real, this results 
in 


FAO Fo Fis Fo.4 0. 








e Applying the same reasoning as above, the condition Fate Vt = 0 im- 
plies that 


Fobedg = 0. 


a 


Using the self-duality of F shown in Exercise 10.2 and the relation between 
J and the metric, this equation can be re-expressed as 


FAJ=0. 





As a result, F € HEP o 


primitive’ 


EXERCISE 10.4 
Show that a harmonic (3, 1)-form on a Calabi-Yau four-fold is anti-self-dual. 


SOLUTION 
A harmonic (3, 1)-form 
Ps + Fascat2" A d2? A dz A dz? 
satisfies 
Faved J TSi 


If this did not vanish, it would give a harmonic (2,0)-form, but this does 
not exist on a Calabi-Yau four-fold. Using this equation and the explicit 
representation of the € symbol, 





Eabedpars = (Yap9bqIcr Jas + permutations), 


it is easy to verify that *+F?! = —F*1. Note that this argument can be 
easily generalized to show that a primitive (p,4 — p)-form satisfies 


FPA?) = (-1)P Fe?) 














EXERCISE 10.5 
Show that the supersymmetry constraints in Eqs (10.63) and (10.69) lead 
to the flux constraints in Eqs (10.65)—(10.67). 
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SOLUTION 


In analogy to the three-fold case discussed in Chapter 9, the following for- 
mulas hold for four-folds: 


O70 = KrıQ + xı, I =1,...,h>4 


and 


J=K4%e,, A=1,...,h™, 


where x; and e, describe bases of harmonic (3, 1)-forms and (1, 1)-forms, 
respectively. Since Q is a (4,0)-form one obtains from Eq. (10.63) 


[ aartqo and | TETEN 
M M 


Since h™4 = 1, the first constraint leads to F 0.4 — 0. Since x; describes a 
basis of harmonic (3, 1)-forms, +f?! = ph Al xr, which leads to 


| rw abl A Fis =| x(F13)* A Fis =| [Ft 3|?,/g da = 0, 
M M M 
as F is real. This leads to the flux constraint 


Fis Fol Fo4 fro 0. 








Using 04W' = 0 and Eq. (10.68), one gets 
peananre =0. 


Since *(J A F??) is a harmonic (1, 1)-form, we have 


hil 
*(J A F2?) = `> UAe,. 
A=1 


So the above constraint results in 
| (J AF?) A (J AF?) = 1 |J a F??? ed's = 0, 
M M 


which leads to the primitivity condition Eq. (10.67). Notice that the condi- 
tion W!! = 0 is then satisfied, too. 
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10.2 Flux compactifications of the type IIB theory 


No-go theorems for warped compactifications of perturbative string theory 
date back as far as the 1980s. The arguments used then, based on low- 
energy supergravity approximations to string theory, were claimed to rule 
out warped compactifications to a Minkowski or a de Sitter space-time. If 
the internal spaces are compact and nonsingular, and no brane sources are 
included, the warp factor and fluxes are necessarily trivial in the leading 
supergravity approximation. These theorems were revisited in the 1990s 
when the contributions of branes and higher-order corrections to low-energy 
supergravity actions were understood better. These ingredients made it pos- 
sible to evade the no-go theorems and to construct warped compactifications 
of the type IIB theory, which we will describe in detail below. 


The no-go theorem 


The no-go theorem states that if the type IIB theory is compactified on 
internal spaces that are compact and nonsingular, and no brane sources are 
included, the warp factor and fluxes are necessarily trivial in the leading su- 
pergravity approximation. This subsection shows how this result is derived 
and then it shows how sources invalidate the no-go theorem. A similar no-go 
theorem shows that compactifications to D = 4 de Sitter space-time do not 
solve the equations of motion (see Problem 10.8). 


Type IIB action in the Einstein frame 


For illustrative purposes, as well as concreteness, let us consider warped 
compactifications of the type IIB theory to four-dimensional Minkowski 
space-time M4 on a compact manifold M. The ten-dimensional low-energy 
effective action for the type IIB theory was presented in Chapter 8. In the 
Einstein frame it takes the form® 


Jar? Gs? _ |55}? 


n 2(Im7)? 2Im7 4 





S= ga | ev= 








1 C4 A G3 A G3 
10.75 
Sik f Im? ( ) 
where 
G3 = F3 — T H3, (10.76) 


9 Recall that the Einstein-frame and string-frame metrics are related by iva = e 2/298 y: 
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and F3 = dC, H3 = dBj. The R-R scalar Co, which is sometimes called an 
axion, and the dilaton ® are combined in the complex axion—dilaton field 


T= Co te *. (10.77) 


The only change in notation from that described in Section 8.1 is the use of 
M,N (rather than u,v) for ten-dimensional vector indices. As explained in 
that section, 


Fs = sighs (10.78) 
has to be imposed as a constraint. Here «19 is the Hodge-star operator in 
ten dimensions. |G'3|? is defined by 


1 
IG3|? = 5G MGM GMSNS Gyg, itait Oh, Non: (10.79) 


The equations of motion and their solution 


To compactify the theory to four dimensions, let us consider a warped-metric 
ansatz of the form 


9 
= os Gund da = e40) Nv dada” +e~7AW) gin(y)dy™ dy”, 
MN=0 — ee er 


4D 6D 
(10.80) 


where x” denote the coordinates of four-dimensional Minkowski space-time, 
and y™ are local coordinates on M. Poincaré invariance implies that the 
warp factor A(y) is allowed to depend on the coordinates of the internal 
manifold only. 

Poincaré invariance and the Bianchi identities restrict the allowed com- 
ponents of the flux. The three-form flux G3 is allowed to have components 
along M only, while the self-dual five-form flux F; should take the form 


F; = (1+ *19)da A dz? A dz! A dx? A dz’, (10.81) 


where a(y) is a function of the internal coordinates, which will turn out to 
be related to the warp factor A(y). 

The no-go theorem is derived by using the equations of motion following 
from the action Eq. (10.75). The ten-dimensional Einstein equation can be 
written in the form 


1 
Run =% (Tux — CunT) (10.82) 


where 


6S 


2 
Vine 10. 
MN JG 5GMN (10.83) 
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is the energy-momentum tensor, and T is its trace. This equation has an 
external piece (uv) and an internal piece (mn), but the mixed piece vanishes 


trivially. The external takes the form? 


1 


(10.84) 
Transforming to the metric 7,, gives an equation determining the warp 
factor in terms of the fluxes 





eee IG3|2 + Le-784]ða]? (10.85) 
= 8Imr! 3! 7 4° als 
or, equivalently 
4A _ 2 , „—4A 2 4A 
10. 
Ae = Ia 3 +e (Gal? + |de**| ey (10.86) 


The no-go theorem is a simple consequence of this equation. If both sides 
are integrated over the internal manifold M, the left-hand side vanishes, 
because it is a total derivative. The right-hand side is a sum of positive- 
definite terms, which only vanishes if the individual terms vanish. As a 
result, one is left with constant A, œ and vanishing G3. The assumption of 
maximal symmetry would, in principle, allow an external space-time with a 
cosmological constant A, which for A < 0 results in AdS space-times while 
for A > 0 gives dS space-times. It turns out that the above no-go theorem 
can be generalized to include this cosmological constant. As you are asked 
to show in Problem 10.8, A appears with a positive coefficient on the right- 
hand side of Eq. (10.86). Using the same reasoning as above, one obtains 
another no-go theorem which excludes dS solutions in the absence of sources 
and/or singularities in the background geometry. 


Fluxz-induced superpotentials 


It turns out that brane sources can and do invalidate the no-go theorem. 
There is an energy-momentum tensor associated with these sources, which 
contributes to the right-hand side of Eq. (10.86) in the form 


2n7e74 Jioc, (10.87) 
where 
1 9 3 
Jise = TOR Tu” ug y Tm™ Jioc, (10.88) 
M=5 M=0 


10 Indices M, N are used (rather than u,v) to emphasize that this curvature is constructed using 
the metric GMN. 
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and T'°° denotes the energy-momentum tensor associated with the local 
sources given by 





loc 2 Ô Sloc 


Here Sloc is the action describing the sources. For a Dp-brane wrapping a 


(10.89) 


(p — 3)-cycle X in M the relevant interactions are 


Sioc = — | Pl eT /—G + bp | Cp+1: (10.90) 
R4xd R4xd 
This is the action to leading order in a’ and for the case of vanishing fluxes 
on the brane. This action was described in detail in Section 6.5. In order 
to describe D7-branes wrapped on four-cycles it is necessary to include the 
first a’ correction given by the Chern—Simons term on the D7-brane 


R 
-e f an ) (10.91) 
x 


It turns out that Eq. (10.87) can contribute negative terms on the right-hand 
side of Eq. (10.86). 7 
These sources also contribute to the Bianchi identity!! for F5 





dF; = Hs A F3 + 2K°T3p3. (10.92) 


Here p3 is the D3 charge density from the localized sources and, as usual, it 
contains a delta function factor localized along the source. 


Tadpole-cancellation condition 


Integrating Eq. (10.92) over the internal manifold M leads to the type IIB 
tadpole-cancellation condition 


E i: H; \ F; + Q3 = 0, (10.93) 
where Q3 is the total charge associated with p3. As a result, nonvanishing 
Qs charges induce three-form expectation values. It is shown below that G3 
is imaginary self-dual. Therefore, three-form fluxes are only induced if Q3 
is negative. Problem 10.12 asks you to check that the D7-branes generate 
a negative contribution to the right-hand side of Eq. (10.86) by solving the 
equations of motion in the presence of branes. 

A useful way of describing the type IIB solution is by lifting it to F-theory 
compactified on an elliptically fibered Calabi-Yau four-fold X. As explained 
in Section 9.3, the base of the fibration encodes the type IIB geometry while 


11 Because of self-duality, this is the same as the equation of motion. 
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the fiber describes the behavior of the type IIB axion—dilaton 7. In this 
description, the tadpole-cancellation condition takes a form similar to that 
found for M-theory on a four-fold 


x(X) 1 f 
S N A3 ^A F: 10.94 
od D3 + IRT; Iu 3 3 ( ) 


where x(X) is the Euler characteristic of the four-fold, and Nps is the D3- 
brane charge present in the compactification.!? The left-hand side of this 
equation can be interpreted as the negative of the D3-brane charge induced 
by curvature of the D7-branes. Thus, the equation is the condition for the 
total D3-brane charge from all sources to cancel. 





Conditions on the fluxes 


What conditions does the background satisfy? To answer this question there 
are several ways to proceed. One way is to solve the equations of motion pre- 
viously described but now taking brane sources into account. Schematically, 
this is done by inserting the Fs flux of Eq. (10.81) into the Bianchi identity 
Eq. (10.92) and subtracting the result from the contracted Einstein equa- 
tion Eq. (10.86), taking the energy-momentum tensor contribution from the 
brane sources into account. The resulting constraint is 


A (et^ — a) = ae | iG3 — *G3 |? +e744 | O(e44 — a) |? 
(10.95) 
4247674 (Jioc = T3p8°) : 
Most localized sources satisfy the BPS-like bound 
Roc = Tipe. (10.96) 


As a result, for the kinds of sources that are considered here, the solutions 
to the equations are characterized by the following conditions: 


e The three-form field strength G3 is imaginary self-dual, 
xG3 = 1G3, (10.97) 


where the x denotes the Hodge dual in six dimensions. A solution to the 
imaginary self-dual condition is a harmonic form of type (2,1) + (0,3). 
It is shown below that only the primitive part of the (2,1) component is 
allowed in supersymmetric solutions. 

e There is a relation between the warp factor and the four-form potential 


el =a. (10.98) 


12 This includes D3-branes and instantons on D7-branes. 
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e The sources saturate the BPS bound, that is, 
Jioc = Ts p$". (10.99) 


This equation is satisfied by D3-branes, for example. Indeed, using the 
relevant terms in the world-volume action for the D3-brane in Eq. (10.90) 
shows 








T? = Tit = D? = T’ = -Tps and Tm” =0. (10.100) 


This implies that the BPS inequality is not only satisfied but also satu- 
rated. On the other hand, anti-D3-branes satisfy the inequality but do 
not saturate it, since the left-hand side of Eq. (10.99) is still positive but 
the right-hand side has the opposite sign. A different way to saturate the 
bound is to use D7-branes wrapped on four-cycles and O3-planes. D5- 
branes wrapped on collapsing two-cycles satisfy, but do not saturate, the 
BPS bound. 


The superpotential 


The constraint Eq. (10.97) can be derived from a superpotential for the 
complex-structure moduli fields 


w= f QA G3, (10.101) 
M 


where Q denotes the holomorphic three-form of the Calabi-Yau three-fold. 

Let us derive the conditions for unbroken supersymmetry using the super- 
potential Eq. (10.101). For concreteness, consider the case of a Calabi-Yau 
manifold with a single Kahler modulus, which characterizes the size of the 
Calabi-Yau. Before turning on fluxes, there are massless fields describing 
the complex-structure moduli z2% (a = 1,...,h?), the axion-dilaton 7 and 
the superfield p containing the Kahler modulus. 

As is explained in Exercise 10.6, the Kahler potential can be computed 
from the dimensional reduction of the ten-dimensional type IIB action by 
taking the Calabi-Yau manifold to be large. The result for the radial mod- 
ulus p is 


K(p) = —3 log|[—i(p — p)]. (10.102) 


This should be added to the results for the axion—dilaton and complex- 
structure moduli, which are 


K(r) = — log[—i(7 — 7)] and K(z°) = — log ( f, QAQ). 
(10.103) 
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The total Kahler potential is given by 
K=K(p)+K(r) +K(z%). (10.104) 
Conditions for unbroken supersymmetry 
Supersymmetry is unbroken if 
DaW =0,.W +0,.KW =0, (10.105) 


where a = p,T,@ labels all the moduli superfields. In order to evaluate this 
condition, first note that the superpotential in Eq. (10.101) is independent 
of the radial modulus. As a result, 





3 
D,W =0,KW =— (>) W =0, (10.106) 
p—P 
which implies that supersymmetric solutions obey 
W =0. (10.107) 
So the (0,3) component of G3 has to vanish. The equation 
1 SN 
(| Í QAG; =0 (10.108) 
T—T JM 


implies that the (3,0) component of G3 has to vanish as well. The remaining 
conditions are 


DaW = I Xa AG3 =0, (10.109) 
M 


where Xa is a basis of harmonic (2, 1)-forms introduced in Chapter 9. Since 
this condition holds for all harmonic (2, 1)-forms, one concludes that super- 
symmetry is unbroken if 


G3 € HM). (10.110) 


Remark on primitivity 


Compact Calabi—Yau three-folds with a vanishing Euler characteristic satisfy 
hł® = 0. In this case any harmonic (2,1)-form is primitive. To see this, 
let us apply the Lefschetz decomposition to the present case. A harmonic 
(2, 1)-form 


1 - 
X = 5Xavedz" A dz? ^ dz? (10.111) 


can be decomposed into a part parallel to J and an orthogonal part according 
to 


X=VAT+H(X-VAS) =x +X, (10.112) 
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where 


3 z 
v= zXapgJ” d2", (10.113) 
which has been chosen so that 
x1 AJ=0. (10.114) 


On the other hand, if such a one-form v exists, it is harmonic, which implies 
ht? 40. As a result, x = x1, and any harmonic (2, 1)-form is primitive. 
Note that the vanishing of h!-° is required to prove that any harmonic (2, 1)- 
form is primitive. On a six-torus h}? 4 0 and there are harmonic (2, 1)-forms 
that are not primitive. If ht? Æ 0 supersymmetry is unbroken if 


G3 € HY 


primitive’ (10.115) 
Note that besides being primitive, the Xa are also imaginary self-dual. The 
behavior of three-forms under the Hodge-star operation is displayed in the 


table. Expressing the Levi-Civita tensor in the form 





Eabepgr = —İ (Gap9bqJer + permutations) (10.116) 


allows us to check these rules by the reasoning of Exercise 10.4. Then 
Eq. (10.110) agrees with the condition that G3 is imaginary self-dual. 

















Go.) = a 
(2, 1) Xa Xa = İXa 
(1, 2) Xa *Xa = —iXa 
(0,3) | a TER 

















An example: flux background on the conifold 


As discussed in Chapter 9, different Calabi-Yau manifolds are connected 
by conifold transitions. At the connection points the Calabi-Yau manifolds 
degenerate. This section explores further the behavior of a Calabi-Yau 
manifold near a conifold singularity of its moduli space. By including these 
singular points it is possible to describe many, and possibly all, Calabi-Yau 
manifolds as part of a single connected web. In order to be able to include 
these singular points, it is necessary to understand how to smooth out the 
singularities. This can be done in two distinct ways, called deformation and 
resolution. 

Conifold singularities occur commonly in the moduli spaces of compact 
Calabi-Yau spaces, but they are most conveniently analyzed in terms of 
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Fig. 10.4. The deformation and the resolution of the singular conifold near the 
singularity at the tip of the cone. 


the noncompact Calabi-Yau space obtained by magnifying the region in 
the vicinity of a singularity of the three-fold. This noncompact Calabi- 
Yau space is called the conifold, and its geometry is given by a cone. This 
section describes the space-time geometry of the conifold, together with its 
smoothed out cousins, the deformed conifold and the resolved conifold. Type 
IIB superstring theory compactified on a deformed conifold is an interesting 
example of a flux compactification. It is the superstring dual of a confin- 
ing gauge theory, which is described in Chapter 12. Here we settle for a 
supergravity analysis. 


The conifold 


At a conifold point a Calabi-Yau three-fold develops a conical singularity, 
which can be described as a hypersurface in C* given by the quadratic 
equation 


4 
yars for wie ct. (10.117) 
A=1 


This equation describes a surface that is smooth except at w4 = 0. It 
describes a cone with an S$? x S? base. To see that it is a cone note that if 
w^ solves Eq. (10.117) then so does Aw“, where \ is a complex constant. 
Letting w^ = «4 + iy4, and introducing a new coordinate p, Eq. (10.117) 
can be recast as three real equations 

p=0, #-¥=0. (10.118) 


f= pP =0, Y-F- 
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The first equation describes an S with radius p/v2. Then the last two 
equations can be interpreted as describing an 9° fibered over the S8. It can 
be shown that a Ricci flat and Kahler metric on this space is given by a cone 


ds? = dr? + r7dx", (10.119) 


where r = ,/3/2p?/° and d®? is the metric on the five-dimensional base, 
which has the topology S$? x S°. Explicitly, the metric on the base can be 
written in terms of angular variables 


2 2 
1 2 1 
2 De 18D 2 
dx? = = (248 a 3 cos bidi) + > (d0? + sin? 0id¢?). (10.120) 
The range of the angular variables is 
O<B<2, OK<O6<n7 and 0<¢;<2r, (10.121) 


for i = 1,2, while 0 < r < cw. This space has the isometry group SU (2) x 
SU(2) x U(1).13 

In order to describe this background in more detail, it is convenient to 
introduce the basis of one-forms 


g' = pe- e’), g? = yale’ — eî), 
g = zt +), g = ale +4), (10.122) 
g =e, 
with 
el =~—sin6\dd1, e? = doy, 


e = cos 28 sin 02dd2 — sin 26db2, 


(10.123) 
et = sin 28 sin badz + cos 26db2, 
e? = 2d3 + cos ıdı + cos b2ddo. 
In terms of this basis the metric takes the form 
1 c= 
E? = (g5)? +- na 10.124 
dd’ = 3(9°)" + & 209 ) ( ) 


The conifold has a conical singularity at r = 0. In fact, this would also 


13 Compact Calabi-Yau three-folds do not have continuous isometry groups. 


490 Flux compactifications 


be true for any choice of the five-dimensional base space other than a five- 
sphere of unit radius. As was already mentioned, in the case of the conifold 
there are two ways of smoothing out the singularity at the tip of the cone, 
called deformation and resolution. 


The deformed conifold 
The deformation consists in replacing Eq. (10.117) by 


4 
IUTA (10.125) 


A=1 


A e Ct we can rescale 


these coordinates and assume that z is real and nonnegative. This defines 


where z is a nonzero complex constant. Since w 


a Calabi-Yau three-fold for any value of z. As a result, z spans a one- 
dimensional moduli space. At the singularity of the moduli space (z = 0) 
the manifold becomes singular (at p = 0). 

For large r the deformed conifold geometry reduces to the singular conifold 
with z = 0, that is, it is a cone with an S? x S? base. Moving from oo 
towards the origin, the $? and S$? both shrink. Decomposing w^ into real 
and imaginary parts, as before, yields 


z=2-#-9-9, (10.126) 
and using the definition 
p=z-#4+9-%, (10.127) 
shows that the range of r is 
z<p?<o. (10.128) 


As a result, the singularity at the origin is avoided for z > 0. This shows 
that as p? gets close to z the 9? disappears leaving just an 9° with finite 
radius. 


The resolved conifold 


The second way of smoothing out the conifold singularity is called resolution. 
In this case as the apex of the cone is approached, it is the S° which shrinks 
to zero size, while the size of the S? remains nonvanishing. This is also 
called a small resolution, and the nonsingular space is called the resolved 
conifold. 

In order to describe how this works, let us make a linear change of variables 
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to recast the singular conifold in the form 


X U 
det G A =0. (10.129) 


Away from (X,Y, U,V) = 0 this space is equivalently described as the space 


e À (3) =0, (10.130) 


in which A, and Ag don’t both vanish. The solutions for A; are determined 
up to an overall multiplicative constant, that is, 


(Ai, 2) = ACi, À2) with AE C*. (10.131) 


As a result, the variables (X,Y,U,V) and (Aj, 2) lie in C4 x CP! and 
satisfy the condition (10.130). This describes the resolved conifold, which 
is nonsingular. Why is the singularity removed? In order to answer this 
question note that for (X,Y,U,V) 4 (0,0,0,0) this space is the same as 
the singular conifold. However, at the point (X,Y,U,V) = (0,0,0,0) any 
solution for (A1, Az) is allowed. This space is CPt, which is a two-sphere. 


Fluxes on the conifold 


Let us now consider a flux background of the conifold geometry given by 
N space-time-filling D3-branes located at the tip of the conifold, as well as 
M D5-branes wrapped on the S$? in the base of the deformed conifold and 
filling the four-dimensional space-time. These D5-branes are usually called 
fractional D3-branes. 

This background can be constructed by starting with a set of M D5- 
branes, which give 





I F; = 4r? M. (10.132) 
S3 
This can also be written as 
Ma! 5 
F; = z “3 where w3 = 9? Awa, (10.133) 
and 
1 
W2 = 3 (sin 0,d0, A dd, — sin O2d62 A ddz) z (10.134) 


In order to describe a supersymmetric background, the complex three-form 
G3 should be an imaginary self-dual (2,1)-form. This implies that an H3 
flux has to be included. Imaginary self-duality determines the H3 flux to be 


3 
H; = z 9sMaldr A we, (10.135) 
r 
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where gs = e is the string coupling constant, which is assumed to be 


constant, while the axion Co has been set to zero. Once H3 and F3 are both 
present, Fs is determined by the Bianchi identity 


dF; = H3 \ F; + 2K°T3p3, (10.136) 
to be 
Fs = (1+ *10)F, (10.137) 
where 
1 
FE 3T) New (rjw A w3 (10.138) 
and 
3 2 i 
Neælr) = N + —gsM? log | — }. (10.139) 
27 To 


Note that the total five-form flux is now radially dependent, with 
~ 1 
J F; = 5P New(r). (10.140) 
oF 


The geometry in this case is a warped conifold, where the metric has the 
form 


ds?, = FAM n  datdx” + e 2A") (dr? + r2dd?). (10.141) 


The metric of the base, d¥?, is given in Eq. (10.120). The volume form for 
the metric in these coordinates is given by 


VJ = yer sin 0; sin 02. (10.142) 
Using this and 
wa A w3 = —dp A sin 6,d0, A dd, A sin O2d62 A dda, (10.143) 
one obtains 
(we A w3) = 54r 5e84dr A dx? A da! A da? A dz’. (10.144) 


The warp factor is determined in terms of the five-form flux by Eq. (10.81), 
or equivalently 


*10F = da A dx? A dx! A dz? A dz’, (10.145) 


while a = exp(4A) according to Eq. (10.98). Using the expression for the 
five-form flux in Eq. (10.138) this leads to the equation 


da = 27n(a’)?a?r-° Nog (r)dr. (10.146) 
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Integration then gives the warp factor 





1\2 
eA Ar) — inte) gsN 4 Ž (gM)? log (=) + žm , (10.147) 
where rọ is a constant of integration. 

Problem 10.13 asks you to show that G3 is primitive. This result implies 
that this is a supersymmetric background. Note that in this section we have 
used the constraints in Eqs (10.98) and (10.115), which were derived for 
compact spaces. However, these constraints can also be derived from the 
Killing spinor equations for type IIB, which are local. As a result, they also 
hold for noncompact spaces. 


Warped space-times and the gauge hierarchy 


The observation that Poincaré invariance allows space-times with extra di- 
mensions that are warped products has interesting consequences for phe- 
nomenology. Brane-world scenarios are toy models based on the proposal 
that the observed four-dimensional world is confined to a brane embedded 
in a five-dimensional space-time.!* In one version of this proposal, the fifth 
dimension is not curled up. Instead, it is infinitely extended. If we live on 
such a brane, why is there a four-dimensional Newtonian inverse-square law 
for gravity instead of a five-dimensional inverse-cube law? The answer is 
that the space-time is warped. Let’s explore how this works. 


Localizing gravity with warp factors 


The action governing five-dimensional gravity with a cosmological constant 
A in the presence of a 3-brane is 





S~ f čev G(R- 124A) Tf de Z9, (10.148) 


where T is the 3-brane tension, G mn is the five-dimensional metric, and guv 
is the induced four-dimensional metric of the brane. This action admits a 
solution of the equations of motion of the form 


ds? = e™?Als)y dat da” + dz, (10.149) 
with 
A(25) = vy —Alas|. (10.150) 


14 There could be an additional compact five-dimensional space that is ignored in this discussion. 
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Fig. 10.5. Gravity is localized on the Planck brane due to the presence of a warp 
factor in the metric. 


Here —œ < 25 < oo is infinite, and the brane is at 75 = 0. Moreover, 
for a static solution it is necessary that the brane tension is related to the 
space-time cosmological constant A by 


T = 12V-A, (10.151) 


which requires that the cosmological constant is negative. This geometry is 
locally anti-de Sitter (AdS5), except that there is a discontinuity in deriva- 
tives of the metric at x° = 0. This discontinuity is determined by the delta 
function brane source using standard matching formulas of general relativity. 

The metric (10.149) contains a warp factor, which has the interesting 
consequence that, even though the fifth dimension is infinitely extended, 
four-dimensional gravity is observed on the brane. This way of concealing 
an extra dimension is an alternative to compactification. Computing the 
normal modes of the five-dimensional graviton in this geometry, one finds 
that the zero mode, which is interpreted as the four-dimensional graviton, 
is localized in the vicinity of the brane and that G4 controls its interactions. 
The effective four-dimensional Planck mass on the brane is given by 


Mj = M8 | dase Nes, (10.152) 
or in terms of Newton’s constant 


iiy 
Gs = Gs (J dyer El) (10.153) 
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Fig. 10.6. On the SM brane the energy scales are redshifted due to the presence of 
the warp factor in the metric. 


Large hierarchies from warp factors 


If instead of one 3-brane, two parallel 3-branes are considered, the implica- 
tions for phenomenology are even more interesting. In this construction the 
background geometry is again a warped product, but now the warp factor 
provides a natural way to solve the hierarchy problem. 

Imagine that the 3-branes are again embedded in a five-dimensional space- 
time as shown Fig. 10.6. One brane is located at 75 = ar, and called the 
standard-model brane (SM), while the other brane is located at x5 = 0 and 
called the Planck brane (P). The action governing five-dimensional gravity 
coupled to the two branes is 


s= | dav G(R-12A) Tou | dta Zg — Tp | dta Z0F, 
(10.154) 


where Tsm and Tp are the tensions of the two branes. The metric is again 
assumed to be a warped product 





ds? = e™?^l)y dade” + dz? (10.155) 


in the interval 0 < z5 < mr. 
The equations of motion are solved by a warp factor of the form 


A(z5) = V—Aļzs], (10.156) 


as before, and 
Tp = -Tsy = 12V—A. (10.157) 
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Negative tension may seem disturbing. However, negative-tension branes 
can be realized in orientifold models and in F-theory compactifications. In 
this solution the metric is normalized so that it takes the form 


Cie Tee (10.158) 


on the Planck brane. Then, because of the warp factor, the SM brane metric 
is 


Ge ie: (10.159) 


This scale factor means that objects with energy E at the Planck brane are 
red-shifted on the SM brane, and appear as objects with energy entry F, 
By choosing the separation scale r suitably, one can arrange for this factor 
to be of order 10716, so as to find TeV scale physics on the SM brane by 
starting with Planck-scale physics on the Planck brane. This is an interest- 
ing proposal (due to Randall and Sundrum) for solving the gauge hierarchy 
problem. This scenario has a number of remarkable implications. It be- 
comes conceivable that phenomena that used to be relegated to ultra-high 
energy scales may be accessible at accelerator energies. Thus, Kaluza—Klein 
modes, fundamental strings, black holes, gravitational radiation could all be 
observable. The LHC experiments are preparing to search for all of these 
possibilities. Supersymmetry, which many view as more likely to be dis- 
covered, seems quite mundane by comparison. Not surprisingly, these ideas 
have attracted a lot of attention, and there is a large and rapidly growing 
literature on the subject. In the following, we settle for a brief sketch of how 
this scenario might be realized in string theory. 


A large hierarchy on the deformed conifold 


It is interesting that the above approach to solving the hierarchy problem 
appears naturally in string theory.! The branes that seem best suited 
to this purpose are the D3-branes in a type IIB orientifold or F-theory 
construction. One can imagine D3-branes placed at points on a compact 
internal manifold. To get a large hierarchy two sets of D3-branes would 
need to be separated by the distance r. This distance would then determine 
the size of the hierarchy. However, r is a modulus in the four-dimensional 
theory, since the D3-brane coordinates have no potential. In the following 
we will see that one can obtain a warped background generating a large and 
stable hierarchy by using the flux backgrounds discussed at the beginning 
of this section. 

To be concrete, one can consider the deformed conifold geometry. Locally, 


15 So does supersymmetry. 
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near the tip of the cone, the flux solution is similar to the one described in 
the previous section. Globally, however, the background solution must be 
changed, since we are interested in a compact solution. The conifold solution 
presented in the previous section is noncompact with r unbounded. This 
can be interpreted as a singular limit of a compact manifold in which one of 
the cycles degenerates to infinite size. 

Let us assume that there are M units of F3 flux through an A-cycle and 
—K units of H3 flux through a B-cycle, that is, 


1 1 
F) F; = 2r M and F) Hz = —27 K. (10.160) 
2ra JA 27a! Jg 


Using Poincaré duality, the superpotential can then be written as 


w= [G.an- (27)? a! (u f o-xr fo), (10.161) 


The complex coordinate describing the cycle collapsing at the tip of the 
conifold is 


z= | Q. (10.162) 
A 


The discussion of special geometry in Section 9.6 explained that the dual 
coordinates, that is, the coordinates defining periods of the B-cycles, are 
functions of the periods of the A-cycles. More concretely, since we are de- 
scribing a conifold singularity, we can invoke the result derived in Section 9.8 
that 


| O23 log z + holomorphic. (10.163) 
B 271 
Using these results, the Kahler covariant derivative of the superpotential 
can be rewritten in the form!® 
M K 
DW ~ (21)?a! (= logz — i— +.. :) (10.164) 
274 gs 


in the limit in which K/gs is large. The equation D,W = 0 is solved by 
ze 27K /Mgs (10.165) 


Thus, one obtains a large hierarchy of scales if, for example, M = 1 and 
K/gs = 5. It is assumed that the dilaton is frozen in this solution. 
The solution for the warp factor can be estimated in the following way. As 


16 This assumes z < 1, which is the case of interest. 
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will be discussed in more detail in Chapter 12, close to a set of N D3-branes 
the space-time metric takes the form 


2 
ds? = (5) | dZ |? + (=) (dr? +r2d92) with R= 4rg,N(a’)?, 
(10.166) 
where r is the distance from the D3-brane, which is located at r ~ 0. We 
would like to estimate the warp factor close to the D3-brane. Since the 
background is the deformed conifold, r has a minimal value determined by 
the deformation parameter z according to 


2/3 1/3 we 2" K/3M gs. (10.167) 


Tmin ~ Pmin — * 


showing that the warp factor approaches a small and positive value close to 
the D3-brane. 





EXERCISES 





EXERCISE 10.6 

Show that in a Calabi-Yau three-fold compactification of type IIB super- 
string theory the Kahler potential for the radial modulus, the axion—dilaton 
modulus and the complex-structure moduli is given by 





C= Sip Se a) toe (i f ona). 


SOLUTION 


The part of the Kahler potential depending on the complex-structure moduli 
(the last term) was derived in Chapter 9. The way to derive the contribution 
from the radial modulus p and the axion—dilaton modulus 7 is to consider 
the action on a background of the form 


ds? = e (*) Juv dx" da” +e") gmndy”dy” . 
— —_—~———” 
4D CY3 


Here u(x) parametrizes the volume of the Calabi-Yau three-fold. The power 
of e“*) in the first term has been chosen to give a canonically normalized 
Einstein term in four dimensions. 

The supersymmetric partner of the radial modulus is another axion b, 
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which descends from the four-form according to 

Cuvpq = ap Ipq; 
where J is the Kahler form. In four dimensions the two-form a can be 
dualized to a scalar b according to 


da = e~ 8") x db. 


Setting 


b j 
p = —= + ie”, 
V2 
the resulting low-energy effective action is 


oe: 4 10,70"T = 30, p0"p 
$= zg | doy G aa O 





Here the four-dimensional gravitational coupling constant is given by K? = 
ae /V, where Y is the volume of the Calabi-Yau three-fold computed using 
the metric gmn. The kinetic terms for 7 and p correspond to the first two 














terms in the Kahler potential K. 


10.3 Moduli stabilization 


The important fact about compactifications with flux is that there is a non- 
trivial scalar potential for the moduli fields.!” This should not be surprising, 
since the background flux modifies the equations that determine the geom- 
etry. The complete scalar potential V for the moduli fields can be obtained 
from the superpotential and the Kahler potential by a standard supergravity 
formula, as was discussed earlier, or by a direct Kaluza—Klein compactifica- 
tion, as is done here. 


Scalar potential for M-theory 


In the following the scalar potential for flux compactifications of M-theory 
on a Calabi-Yau four-fold is derived from the low-energy expansion of the 
action Eq. (10.3) on the warped geometry described by Eq. (10.5). This 
further illustrates that the constraints derived from W?! in Eq. (10.62) 
stabilize the complex-structure moduli, while the equations derived from 
W!+ in Eq. (10.68) stabilize the Kahler moduli. 


17 Calling these fields moduli in this setting is a bit of an oxymoron, since moduli are defined to 
have no potential. However, this has become standard usage. 
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As you are asked to check in Problem 10.18, fluxes generate a scalar 
potential for the moduli 


ViEKY= wal | EnF = sTuex); (10.168) 
where we set «x11 = 1, as in Section 10.1. The terms that contribute to the 
potential originate from the internal component of the flux while the fm 
term has been dropped, because it gives a subleading contribution in the 
large-volume limit. 

Since F is a four-form it lies in the middle-dimensional cohomology of the 
Calabi-Yau four-fold. According to Eq. (10.44) the (2,2)-component of the 
four-form flux has the Lefschetz decomposition 


| ae F2? 4 Ja Fh 4J Av Gs BOD (10.169) 


where the subindex o indicates that the flux is primitive. As was shown in 
Eq. (10.67), only the primitive term, that is, the first term, is nonzero for 
a supersymmetric solution. However, here all terms are included in order 
to allow for the possibility of supersymmetry breaking. Since the first and 
third terms are self-dual, and the second term is anti-self-dual, 


xF??? = FA? — 2J A Fh, (10.170) 


where x denotes the Hodge dual on the internal manifold. It follows from 
Exercise 10.4 that 


xF? — F40 and x Fel = F°’, (10.171) 


and similarly for the (0,4) and (1,3) components, since F is real. Taking 
the previous two equations into account, the total four-form flux satisfies 





xF = F — 2F’t — 2F13 — 2J A FH. (10.172) 


Therefore, after taking the wedge product with F, the kinetic term for the 
flux appearing in Eq. (10.168) can be rewritten in the form 


| FaF = J rap-a | FOL piS—o f JAF!4+A IAF)", (10.173) 
M M M M 

All other terms vanish by orthogonality relations given by the Hodge de- 
composition and the Lefschetz decomposition. Inserting this into the scalar 
potential Eq. (10.168), we realize that the first term on the right-hand side 
of Eq. (10.173) cancels due to the tadpole-cancellation condition Eq. (10.60) 
with N = 0. Asa result, only the anti-self-dual part of F contributes to the 
scalar potential. 
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Supersymmetry-breaking solutions 


The preceding results imply the existence of supersymmetry-breaking solu- 
tions of the equations of motion. Indeed, any flux satisfying 
2,2 
PSAP and Fë Ue (10.174) 
solves the equations of motion and breaks supersymmetry. Fluxes of the 
form 


F~xQ o FaIAT (10.175) 


provide examples. Moreover, since these flux components do not appear in 
the scalar potential they do not generate a cosmological constant. 


The scalar potential 


The second term on the right-hand side of Eq. (10.173) can be rewritten 
according to 


T P31, F = e GU Dw D WwW”, (10.176) 
M 


and as a result yields a scalar potential for the complex-structure moduli. 
This result is obtained by expanding F*! in a basis of (3,1)-forms. The 
explicit calculation is rather similar to Exercise 10.5. Analogously, the last 
term on the right-hand side of Eq. (10.173) generates a potential for the 
Kahler-structure moduli 


i JAF, J Aa Fi = -VGB DAW! Daw", (10.177) 
M 
where!® 
_ 2 1 1,1 ; PTL 

Da = ôA 5 Oak with K> = —3logy, (10.178) 

and G4® is the inverse of the metric GAB 
1 
GAB = —50aðBlogV. (10.179) 


Here VY = A fJINJANJAJ is the Calabi-Yau volume. In total, the scalar 
potential becomes 


; ag i 
V(T, K) = €G Diw DW" + 5V ‘a4?DaW''DpW", (10.180) 


18 Note that K}:1 is not a Kahler potential, since it is function of real fields. Nevertheless, it has 
some similar properties. 
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where K = K?! + Kbt. This potential is manifestly nonnegative, which 
shows that compactifications to AdS3 spaces cannot be obtained in this 
way. 


The radial modulus 


Note that not all of the moduli need contribute to the potential Eq. (10.180). 
For example, it does not depend on the radial modulus, which characterizes 
the overall volume of the compact manifold M. Therefore, this modulus 
is not stabilized. The reason for this is that the conditions for unbroken 
supersymmetry in Eqs (10.65), (10.66) and (10.67), and also the conditions 
for the existence of supersymmetry breaking solutions in Eq. (10.174), are 
invariant under the rescaling of the volume by a constant. While this may 
seem disappointing, it is also quite fortunate. This freedom means that the 
volume can be chosen sufficiently large to justify the approximations that 
have been made. At sufficiently large volume, most of the higher-derivative 
terms of M-theory can be dropped. The situation, of course, changes once 
nonperturbative effects are included. It is expected that such effects stabilize 
the radial modulus and that the calculations made remain valid when the 
flux quantum is large. This is not specific to the M-theory compactifications 
discussed in this section, but holds for most of the flux compactifications 
discussed in the literature. Very few models have been constructed in which 
all moduli are stabilized without nonperturbative effects. 


The scalar potential for type IIB 


The scalar potential for type IIB compactified on a Calabi—Yau three-fold 
follows from a standard supergravity formula. In Section 10.2 the formulas 
for the superpotential W and Kahler potential K were presented. Given 
these potentials, M = 1 supergravity determines the scalar potential in 


terms of these quantities!’ 


vik (GDW DW = 31w?) I (10.181) 


where G5 = 0,0; is the metric on moduli space, with a, b labelling all the 
superfields, and G is its inverse. Moreover, Da = Og + OaK. 

As it should be, this scalar potential is invariant under the Kähler trans- 
formation 


K(z,Z) > K(z, z) — f(z) — F(Z), (10.182) 


19 This compactification gives M = 2 supersymmetry, but an M = 1 formalism is still applicable. 
Moreover, one only has M = 1 when orientifold planes are included. 
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since the superpotential transforms according to 
W(z) > fOW(z). (10.183) 


This transformation is a consequence of the linear dependence of W on Q and 
the behavior of the holomorphic three-form under Kahler transformations. 
Here z refers to the moduli fields and f(z) is a holomorphic function of 
these fields. The four-dimensional gravitational constant (or Planck length) 
k4 has been set to one in the above formulas. 

A simple calculation shows that this potential does not depend on the 
radial modulus (except as an overall factor). Using the result for the Kahler 
potential for p derived in exercise 10.6, one finds 


GPD WD5W — 3|W|? = 0. (10.184) 
As a result, the scalar potential is of the no-scale type 
V =e X GYD, WD,W, (10.185) 
t.JAe 
where i, j label all the fields excluding p. At the minimum of the potential 
DW =0, (10.186) 
which implies V = 0 even though supersymmetry is broken in general, since 
D,W #0. (10.187) 


These solutions have the interesting property that V = 0 at the minimum of 
the potential, so that the cosmological constant vanishes at the same time 
supersymmetry that is broken. Even though this may seem encouraging for 
achieving the goal of breaking supersymmetry without generating a large 
vacuum energy density, it does not constitute a solution of the cosmological 
constant problem. There is no reason to believe that this result continues 
to hold when a’ and gs corrections are included. In the next section we will 
see that nonperturbative corrections to W depending on p can generate a 
nonvanishing cosmological constant. 


Moduli stabilization by nonperturbative effects 


The type IIB no-go theorem excludes the possibility of compactification to 
four-dimensional de Sitter (dS) space, or more generally to a space with a 
positive cosmological constant. This section shows that this conclusion can 
be circumvented when nonperturbative effects are taken into account. This 
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is of interest, since the Universe appears to have a small positive cosmological 
constant. 

The basic idea is to stabilize all moduli of the type IIB compactification 
and to break the no-scale structure by adding nonperturbative corrections 
to the superpotential. These contributions are combined in such a way 
that supersymmetry is not broken. This leads to an AdS vacuum with a 
negative vacuum energy density. Then one adds anti-D3-branes that break 
the supersymmetry and give a positive vacuum energy density. 

In the simplest case, there is only one exponential correction to the su- 
perpotential, but in general there may be multiple exponentials. The cor- 
rections to the Kahler potential can be ignored in the large-volume limit. 
The Kahler potential for the radial modulus is then equal to its tree-level 
expression. Assuming that all other modes are massive and can be inte- 
grated out, one is left with an effective theory for the radial modulus. In 
the following we assume that the only Kahler modulus is the size, while the 
complex structure and the dilaton become massive due to the presence of 
fluxes. 

The superpotential is assumed to be given by the tree-level result Wo 
together with an exponential generated by nonperturbative effects 


W = Wo + Ae”. (10.188) 


One source of nonperturbative effects is instantons arising from Euclidean 
D3-branes wrapping four-cycles. These give a contribution to the superpo- 
tential of the form 


Winst = Pee Me, (10.189) 


where T(z) is the one-loop determinant that is a function of the complex- 
structure moduli, and p is the radial modulus. Another possible source for 
such corrections is gluino condensation in the world-volume gauge theory of 
D7-branes, which might be present and wrapped around internal four-cycles. 

The coefficient a is a constant that depends on the specific source of the 
nonperturbative effects. For simplicity, we assume that a, A and Wo are real 
and that the axion vanishes. At the supersymmetric minimum all Kahler 
covariant derivatives of the superpotential vanish including D,W = 0. Using 
the Kahler potential in Eq. (10.102), Exercise 10.7 shows that the effective 
potential 


V =eX (GPPD,W DW — 3|W|?) (10.190) 


10.3 Moduli stabilization 505 


Vio)! 


Oo 








> 





ViN 


Fig. 10.7. Form of the potential as a function of the radial modulus. The values of 
the potential and the size depend on the values used for A, a and Wọ. The figure 
displays a minimum at which the potential is negative leading to an AdS vacuum. 


has a minimum that is given by 


az A? 
ne e 


Y= 
600 


mengo: (10.191) 


Here go is the value of ø in the radial modulus p = io at the minimum of the 
potential. Since this potential is negative, the only maximally symmetric 
space-time allowed by such a supersymmetric compactification is AdS space- 
time. 

One can break supersymmetry explicitly by adding anti-D3-branes. This 
gives an additional term in the scalar potential of the form 


D 


ôV = ae 


(10.192) 


where D is proportional to the number of anti-D3-branes. 

It can be chosen to make the vacuum energy density positive, so that a 
compactification to dS space becomes possible. Including the anti-D3-brane 
contribution results in the scalar potential 


aAe °” 


ag 202 


1 D 
(zoeae + Wo + eer) H (10.193) 
o 


The form of V (ø) is displayed in Fig. 10.8. It shows that a vacuum with a 
positive cosmological constant can be obtained. Strictly speaking, the vacua 
obtained in this way are only metastable. However, the lifetime could be 
extremely long. 
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Fig. 10.8. Form of the potential as a function of the radial modulus after taking 
anti-D3-branes into account. The figure displays a minimum at which the potential 
is positive leading to a de Sitter vacuum. 





EXERCISES 





EXERCISE 10.7 
Derive the extremum of the potential in Eq. (10.191). 


SOLUTION 


The only solution is supersymmetric, so let us assume it from the outset. 
Using 


W = Wo + Ae’*?, 


the solution for p = io in the ground state, which we denote by øo, is the 
solution of 


D,W=0W+0KW=0 with K=-log[-i(p—a)]. 


This gives 





2 
Wo = —A (Zeo H 1) e770, 
or 
2 z 
W =——Aaope °°. 
3 
So the minimum of the potential 


V = eX (GPP’D,W DW — 3|W|?) 
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2 42 
a“ A —2a00 


Y= 
0 600 





in agreement with Eq. (10.191). 











EXERCISE 10.8 
Show that the potential Eq. (10.181) can be expressed entirely in terms of 
the Kahler-transformation invariant combination 


K =K + log |W]?. 


SOLUTION 


Using this definition, Eq. (10.181) is equal to 


vik Gica Š 3) | 





W W 
However, 


Gag = Oa0;K = aK, 


and thus the inverse metric G% only depends on K. Also, 





Da ~ 
a Salewa EOK. 
Therefore, 
V = eÑ (ao, Ko;k > 3) 
only depends on K. o 


EXERCISE 10.9 
Use dimensional analysis to restore the factors of «4 in the scalar potential. 
Discuss the limit k4 — 0. 


SOLUTION 


W has dimension three, K has dimension two and the scalar potential V has 
dimension four. Therefore, restoring the powers of k4, Eq. (10.181) takes 
the form 


Kav = eK (Kic®D. WW P 3w?) , 
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where D,W =0,W + KOK W. Thus 
V = eK (GDW DW = 3w?) l 
For small «4, 
V =G%0,WO,W + O(n). 


As expected, one finds the global supersymmetry formula plus corrections 
proportional to Newton’s constant. 














10.4 Fluxes, torsion and heterotic strings 


This section explores compactifications of the weakly coupled heterotic string 
in the presence of a nonzero three-form field H.” A nonvanishing H flux has 
two implications for the background geometry. First, the background geom- 
etry becomes a warped product, like that discussed in the previous sections. 
The second consequence of nonvanishing H is that its contributions to the 
various equations can be given a geometric interpretation as torsion of the 
internal manifold. If the gauge fields are not excited, heterotic supergravity 
is a truncation of either type II supergravity theory. Therefore, some of the 
analysis in this section applies to those cases and vice versa. 


Warped geometry 


As in the previous sections, when H flux is included, the space-time is no 
longer a direct-product space of the form Mio = M4 x M. (For simplicity, in 
the following we assume that the external space-time is four-dimensional.) 
Analysis of the heterotic supersymmetry transformation laws will show that 
a warp factor e2? must be included in the metric in order to provide 
a consistent solution. In the Einstein frame, let us write the background 


metric for the warped compactification in the form 


ds? = eDPU) (g (a)dada” + gmn (y)dy dy”) (10.194) 
eT OCT l 
4D 6D 


As before, x denotes the coordinates of the external space, y the internal 
coordinates, the indices u,v label the coordinates of the external space and 
m,n label the coordinates of the internal space. 

The function D(y) depends only on the internal coordinates. It will be 
shown that supersymmetry can be satisfied when there is nonzero H flux 
provided that 


D(y) = (y), (10.195) 


20 The index on H3 is suppressed. 
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where ® is the dilaton field. In the case without H flux, the dilaton is 
constant, so the geometry is a direct product in the Einstein frame. When 
Om® # 0, it becomes a warped product. This warp factor is exactly the 
one that converts the Einstein frame to the string frame. So the geometry 
actually is a direct product with respect to the string-frame metric even 
when there is nonzero H flux. Since the internal space is compact and 
the dilaton field ®(y) is nonsingular (in the absence of NS5-branes), the 
dilaton is bounded. Therefore, shifting by a constant can make the coupling 
arbitrarily weak, so that perturbation theory is justified. 


Torsion 


The use of a connection with torsion is natural, since the three-form H is 
part of the supergravity multiplet. The torsion two-form T° is defined in 
terms of the frame and spin-connection one-forms by?! 


T* = de® + w%, Ae”, (10.196) 
which can be written in terms of connection coefficients [7,,, according to 
T” =T prne aa Nda”, (10.197) 


Since torsion is a tensor, it has intrinsic geometric meaning. A connection 
is torsion-free if it is symmetric in its lower indices. 

In defining the geometry one is free to choose what torsion tensor to 
include in the connection as one pleases. A connection, which is not a 
tensor, can always be redefined by a tensor, and in this way the torsion 
is changed. In particular, one can choose to use the Christoffel connection, 
which has no torsion. The use of a connection with torsion has the geometric 
consequences described below. However, you are never required to use such 
a connection. In flux compactifications of the heterotic string there is a 
natural choice, since by incorporating the three-form flux in the connection, 
in the way described below, one is able to define a covariantly constant 
spinor. 

Geometrically, torsion measures the failure of infinitesimal parallelograms, 
defined by the parallel transport of a pair of vectors, to close. Parallel 
transport for the case in which the torsion vanishes is illustrated in Fig. 10.9 
and a case in which it does not vanish is illustrated in Fig. 10.10. 

As a simple example consider the Euclidean metric ds? = dx? + dy? on 
the two-dimensional plane Rĉ. If parallel transport is defined in the usual 


21 There are other meanings of the word torsion that should not be confused with the one intro- 
duced here. 
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Fig. 10.9. The vectors V and W are parallel transported to V’ and W’ using a 
torsion-free connection. The resulting parallelogram closes. 


sense of elementary geometry, the Christoffel connection vanishes in carte- 
sian coordinates. However, any connection compatible with the flat metric 
is allowed. This means one can choose any connection that respects angles 
and distances or equivalently which leaves the metric covariantly constant. 
In the present case this means that one can choose any spin connection one- 
form taking values in the Lie algebra of the two-dimensional rotation group, 
so 


Was = héag; (10.198) 
where h can be any one-form. Parallel transport of a vector now leads to 
a (would-be) parallelogram that fails to close, as indicated in Fig. 10.10. 
Mathematically, this means that Vy W — VwV 4 |V, W]. 


y 








W x 


Fig. 10.10. The vectors V and W are parallel transported to V’ and W’ using a 
connection that has torsion. The resulting parallelogram fails to close. 
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Conditions for unbroken supersymmetry 
The goal of this subsection is to derive the supersymmetry constraints 
for compactifications of the heterotic string to maximally symmetric four- 
dimensional space-time allowing for nonzero H flux. As was explained in 
Section 9.4, a supersymmetric configuration is one for which a spinor € exists 
that satisfies 


dV m = VME = Hume = 0, 


dA 


—$P¥e + tHe = 0, (10.199) 


Ox = —3Fe =0, 


in the notation of Section 8.1. A very convenient fact is that these formulas 
are written in the string frame. Therefore, the warp factor is already taken 
into account, and they can be analyzed using a space-time that is a direct 
product of external and internal spaces, just as in Chapter 9. As before, ® 
is the dilaton, F is the nonabelian Yang—Mills field strength and H is the 
three-form field strength satisfying the Bianchi identity 


/ 


dH = Z [tr(RA R) — tr(F ^ F)]. (10.200) 


Poincaré invariance of the external space-time requires some components to 
vanish 








Hyp = Hup = Hunp =0 and Fu = Fin =0. (10.201) 


The nonvanishing fields can depend on the coordinates of the internal man- 
ifold only. 

One class of consistent solutions of Eq. (10.199) has a vanishing three- 
form and a constant dilaton. These solutions are the conventional Calabi- 
Yau compactifications described in Chapter 9. Now let us consider solutions 
with 


Hrnp #0 and  Om®#0. (10.202) 
The supersymmetry transformation of the gravitino can be rewritten con- 


veniently in terms of a covariant derivative with torsion. To understand 
this, recall that 


1 
Vue = Ome + qumasl"e. (10.203) 


This result is written for tangent-space indices A, B and base-space indices 
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M,N, P of the ten-dimensional space-time. In the ten-dimensional theory, 
the supersymmetry variation of the gravitino can be written as 


~ 1 
Vue = (Vm — Hust” )e, (10.204) 


where V m is the torsion-free connection, since this combination appears in 
the supersymmetry transformation of the gravitino field. Here the derivative 
v m is defined with respect to a connection with torsion. The three-form 
flux shifts the spin connection according to 


1 
O43 =w4p — 54 4Anda™, (10.205) 


Using Eq. (10.196) one sees that the three-form flux represents an additional 
contribution to the torsion one-form 


~ 1 
ies hag 5H unde” Ada. (10.206) 
We will choose T4 = 0 so that T4 is given by the three-form flux. 


The supersymmetry parameter and gamma matrices decompose into in- 
ternal and external pieces 








e(z, y) = & (2) 8 n+ (y) + (2) 8 n-(y), (10.207) 
where Ç+ are Weyl spinors on My and n+ are Weyl spinors on M that satisfy 
C= and n- =n}. (10.208) 


The gamma matrices split as 
Ph=%wS1l and  Im=%8 Ym. (10.209) 


The conditions (10.199) have several components. From the external com- 
ponent of the gravitino transformation one obtains 


pu = Vu = 0, (10.210) 


which implies that R = 0. Here R is the scalar curvature of the external 
space, which by maximal symmetry is a constant. Even though solutions 
with a negative cosmological constant, that is, AdS compactifications, can 
be compatible with supersymmetry, only Minkowski-space compactifications 
are possible in the present set-up. This part of the analysis is unaffected by 
the H flux and is the same as in Chapter 9. 

The internal component of the gravitino supersymmetry condition re- 
quires the existence of H-covariant spinors 7+ with 





~ 1 
Vint = (Vm — gHmnpy"? ns = 0 (10.211) 
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for a supersymmetric solution. Eq. (10.211) implies that the scalar quantity 
ning is a constant, and so once again it can be normalized so that ang =l 
In terms of this spinor, one can define the tensor 


Jm” = int om™ng = —inham™n- (10.212) 


Moreover, using Fierz transformations, it is possible to show that 
Im” Jn? = ôm”. (10.213) 


Thus, the background geometry is almost complex, and J is an almost com- 
plex structure. This implies that the metric has the property 


Jmn = Jm” Jn! gri, (10.214) 


and that the quantity 


is antisymmetric. As a result, it can be used to define a two-form 
1 
J = 5 Imnda™ Adz”, (10.216) 


which is sometimes called the fundamental form. It should not be confused 
with the Kähler form. 

The tensor Jn” is covariantly constant with respect to the connection v 
with torsion, 


~ 1 1 
Vindn? = Vindn? — 5 sm? In® -— zH mn Is? = 0. (10.217) 


Again, it is understood that V uses the Christoffel connection. Using this 
result, it follows that the Nijenhuis tensor, defined in the appendix of chapter 
9, vanishes (see Exercise 10.10). As a result, J is a complex structure, and 
the manifold is complex. So one can introduce local complex coordinates z® 
and Z% in terms of which 

Ja = ifa, Jg?=—tdg® and Jp? = Jy? =0. (10.218) 
The metric is hermitian with respect to J, since combining Eqs (10.214) 
and (10.218) implies that the metric has only mixed components g,;. The 
fundamental form J is then related to the metric by 


Ja = iga- (10.219) 


a 


Inserting the relation between the fundamental form and the metric into 
Eq. (10.217) gives 


H =i(0-0)J. (10.220) 
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By definition dJ = 0 for a Kahler manifold. As a result, backgrounds with 
nonvanishing H are non-Kahler. 
Let us consider the implications of the dilatino equation in Eq. (10.199). 


Evaluating it in complex coordinates and using y°7. = y“7n_ = 0, one finds 
that 
1 S 
3a? = —5 Hareg” (10.221) 


and the complex-conjugate relation. This relation implies the existence of 
a unique nowhere-vanishing holomorphic three-form Q. This three-form is 
given by 


Q = e?n E yanen -dz" A dz? A dz. (10.222) 
Using Eq. (10.221), Exercise 10.11 shows that Q is holomorphic, that is, 
ðN = 0. (10.223) 
Note that the norm of Q, defined by 
IQI? = Qarar0s Pigs I gg, (10.224) 
is related to the dilaton by 
AOE e etre, (10.225) 


where ®ọo is an arbitrary constant. 

The existence of the holomorphic (3, 0)-form implies the vanishing of the 
first Chern class, that is, cı = 0. Together with Eq. (10.211) this implies that 
the background has SU(3) holonomy. However, since the internal manifolds 
are not Kahler they cannot be Calabi-Yau. Note that even though the 
background is not Kahler, it still satisfies the weaker condition 


Ge FAs) =0, (10.226) 


which means that the background is conformally balanced. 
The vanishing of the supersymmetry variation of the gluino, Fe = 0, 
implies that 


(Fany + Fagy + 2F,57)n = 0 (10.227) 
and hence that the gauge field satisfies 
gF = Fæ = Fs = 0, (10.228) 


which is called the hermitian Yang—Mills equation. 
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Once a solution for the hermitian Yang-Mills field has been found, the 
fundamental form is constrained to satisfy the differential equation 


/ 


iððJ = > [tr(RA R) — tr(F ^ F)], (10.229) 


which is a consequence of the anomaly cancellation condition. 
To summarize, supersymmetry is unbroken if the external space-time is 
Minkowski and the internal space satisfies the following conditions: 


e It is complex and hermitian. 

e There exists a holomorphic (3, 0)-form Q that is related to the fundamental 
form by the condition that the background is conformally balanced, that 
is, 


d(||Q||J A J) =0. (10.230) 


e The gauge field satisfies the hermitian Yang—Mills condition. 
e The fundamental form satisfies the differential equation in Eq. (10.229). 


These are the only conditions that have to be imposed. Once a solution 
of the above constraints has been found, H and ® are determined by the 
data of the geometry according to 


Haosa aha ® = do — 5 log ||). (10.231) 


There exist six-dimensional compact internal spaces that solve the above 
constraints and lead to interesting phenomenological models in four dimen- 
sions. However, they lie beyond the scope of this book. In the following we 
describe a simpler example in which the internal space is four-dimensional. 


Conformal K3 


Four-dimensional internal spaces for heterotic-string backgrounds with tor- 
sion can be constructed by considering an ansatz of the form of a direct 
product in the string-frame, as before, with 


Gmnly) =e?) gi (y), (10.232) 


where gX(y) represents the (unknown) metric of K3, and gmn(y) is the 
internal part of the string-frame metric. In this four-dimensional example, 
the internal manifold is given by a conformal factor times a Calabi-Yau 
manifold. 
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In this background the dilatino and gravitino supersymmetry conditions 
can be written in the form 


(2m ® + 5Amh)y"n = 0 (10.233) 
and 

Vinnt+ Toh Ym N) =Q. (10.234) 
Here dh = xH is the one-form dual to H in four dimensions and the Hodge- 


star operator is defined with respect to the metric gmn. The first equation 
implies that 


(y) = —Sh(y) + const. (10.235) 


In other words, the flux is given in terms of the dilaton by H = —2xd®. In 
terms of the metric rescaled by the factor e??, Eq. (10.234) takes the form 


à 1 1 
Vmn + 5OnD Ym" + ZOnh Im” =0. (10.236) 


Therefore, for the choice 
D(y) = ®(y) (10.237) 


one finds Vint) = 0. This is just the Killing spinor equation required to 
define a Calabi-Yau manifold. Since K3 is the only Calabi-Yau manifold in 
four dimensions, one is justified in identifying the rescaled metric with the 
K3 metric. 

The conformal factor and the dilaton are constrained by the Bianchi iden- 
tity for the H flux 


/ 
dx db = E [tr(RA R) — tr(F A F)]. (10.238) 
Solutions can be found if the right-hand side is exact. The conditions 


Fz = Fa = 9% Fy =0 (10.239) 


a 


are conformally invariant. Therefore, they only need to be solved for K3. 





EXERCISES 





EXERCISE 10.10 
Show that the backgrounds described in Section 10.4 are complex. 
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SOLUTION 


In order to prove that the manifold is complex one computes the Nijenhuis 
tensor, which was defined in the appendix of Chapter 9 to be 


Nmn” = Sm Jin a) = In Sim” a): 


Eq. (10.217) implies that the Nijenhuis tensor takes the form 


1 
Nmnp = 5 (Hmnp 7 BT de Hpjqs) 
Identities for Dirac matrices, which are listed in the appendix of this chapter, 
imply 
Tm? dae = i gP 9% (J A J)mrns + 1 Jmn JP 
= gnt man — gnn nt Yman , 


where the last line has used the six-dimensional identity 


1 
As a result, one obtains 
Nmnp= — dyn. {H, mnp + 34pm Ing } n4 
= -b nl [p®, Ymnp + Biim Jng] 0 ie 





= 0. 











This proves that the manifold is complex. 





EXERCISE 10.11 
Prove that Q in Eq. (10.222) is holomorphic. 


SOLUTION 


A holomorphic three-form is a 0 closed form of type (3,0). In order to prove 
that Q is holomorphic, we compute Q. We start by computing its covariant 
derivative. 

The covariant derivative (defined with respect to the Christoffel connec- 
tion) acting on the tensor Q is 


VRQ abe = Op rahe = Vita Qwclp = = 0,2. abc — Tp abe: 


Using the definition of the Christoffel connection and expanding Eq. (10.220) 
in components implies 


Le = FORGap = 5 Hyg? = = 0,9. 
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As a result, 
ViQabe = OZQadbe — O PQade- 
On the other hand, using the definition of Q, one obtains 
VQabe = —OZPQabe- 
Indeed, to see this last relation, use 
VQave = Vg (cP Yaben -) = —20ZBQade + 2779 1 Yabe V gN. 
Using Eq. (10.211), this is equal to 


1 . 
— 207, Babe + 5 inp”? abe = —O, Pade: 














This implies that Q is holomorphic. 


10.5 The strongly coupled heterotic string 


This feature is generic and is not special to the type IIB theory. It also 
applies to the heterotic theory. The subject of moduli stabilization in the 
strongly coupled heterotic string is still relatively unexplored and an active 
area of current research. 

A natural way to describe the strongly coupled Eg x Eg heterotic string 
theory is in terms of M-theory. This formulation, called heterotic M-theory, 
was introduced in Chapter 8. Recall that it has a space-time geometry 
Rt? x St/Zə. The quotient space S'/Z» can be regarded as a line interval 
that arises when the Eg x Eg heterotic string is strongly coupled, with a 
length equal to gsé,. The gauge fields of the two Eg gauge groups live on 
the two ten-dimensional boundaries of the resulting 11-dimensional space- 
time. This section explores some phenomenological implications of fluxes in 
heterotic M-theory and briefly describes moduli stabilization in the context 
of the strongly coupled theory. For heterotic M-theory compactified on a 
Calabi-Yau three-fold, the four-form field strength F4 does not vanish if 
2/3 are taken into account. The Yang-Mills fields act 


as magnetic sources in the Bianchi-identity for F4 and therefore an Fy of 
2/3 


higher-order terms in & 
order «*/” is required for consistency. As in the previous sections, a warped 
geometry again plays a crucial role in heterotic M-theory compactifications. 

One rather intriguing result is that, in heterotic M-theory, Newton’s con- 
stant is bounded from below by an expression that is close to the correct 
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value. This is in contrast to the weakly coupled heterotic string theory, 
where the value of Newton’s constant comes out too large. Let us describe 
this in more detail. 


Newton’s constant from the D = 10 heterotic string 


As was shown in Chapter 8, the leading terms of the ten-dimensional effective 
action for the heterotic string in the string frame are 


4 1 
Q Q 


If this theory is compactified on a Calabi-Yau manifold with volume V, the 
resulting four-dimensional low-energy effective action takes the form 


4 1 


In the supergravity approximation, the volume of the Calabi-Yau manifold 
is assumed to be large V > a”. Thus, the value of Newton’s constant from 
the previous formula is 








20 14 
era 
G4 = : 10.242 
4 64nV ( ) 
The value of the unification gauge coupling constant is 
28 3 
ea 
= ; 10.243 
~U 167V ( ) 


The previous two formulas lead to an expression for Newton’s constant in 
terms of these variables 
Į 
G4 = geve. (10.244) 


If one assumes that the string is weakly coupled, then e°? < 1, and the 
volume of the Calabi-Yau is bounded from above 


13 
V & 





. (10.245) 
167ay 

In heterotic-string compactifications of the type described in Chapter 9, 
the size of the compactification manifold gives a bound on the unification 
scale. Thus, for a Calabi-Yau manifold that can be characterized by a 
single length scale, the volume satisfies V ~ Mz’. Inserting this value 
into Eq. (10.245) and Eq. (10.244) one obtains a lower bound for Newton’s 
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constant?” 
at! 


Ga > (10.246) 


Ms ME : 
which is too large by a significant factor. The lesson is that by insisting on 
perturbative control, one obtains unrealistic values for the four-dimensional 
Newton’s constant. 


Newton’s constant from heterotic M-theory 


This situation can be improved in the context of the strongly coupled het- 
erotic string. At strong coupling, the corrections to the predicted value of 
Newton’s constant are closer to the phenomenologically interesting regime. 
If simultaneously the Calabi-Yau volume is large then the successful weak- 
coupling prediction for the gauge coupling constants is not ruined. Let us 
illustrate how fluxes at strong coupling can lead to the right prediction for 
G4 in the example of the strongly coupled Eg x Eg heterotic string, as de- 
scribed in terms of heterotic M-theory.”? 
The terms of interest in the action for heterotic M-theory are 


1 
L = —— qi} R i d! F, 2 10.247 
2K] iz vg > 8r( Ark?, )2/3 °zyg] E ( ) 





where i = 1,2 labels the gauge fields of the two different Eg gauge groups, 
and #1, is the 11-dimensional gravitational constant as usual. If this theory 
is compactified on a Calabi-Yau manifold with volume V times an interval 
Sı/Zə2 of length rd, one can read off the value of Newton’s constant and the 
gauge couplings to be 


2 2/3 
Ki (4r) 
aa So NRE 


These formulas show that, if ay and My are made small enough, then 


G4 = 





(10.248) 


Newton’s constant G4 can be made small by taking d to be large enough. 
The length of the interval d cannot be arbitrarily large, because there is 
a value of order (V/k11)?3, beyond which one of the two Eg’s is driven to 
infinite coupling. To derive this bound, the concrete form of the supergravity 
background needs to be worked out. This was done by Witten by solving 
the constraint following from the gravitino supersymmetry transformation. 


22 Typical values are ay ~ 1/25 and My ~ 2x10!®GeV, whereas G4 = mp? and mp ~ 1019GeV. 

23 A similar conclusion can be drawn for the strongly coupled SO(32) heterotic string theory, 
whose strong-coupling limit is given by the weakly coupled ten-dimensional type I superstring 
theory. 
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In this background the metric is warped and the fluxes are nonvanishing due 
to the Bianchi identity 


3v2 (== 
2m \ 4r 


The delta-function singularity on the right-hand side of this equation comes 


2/3 1 11 
(dFJurJKL = ) [tPF — st RyRy] ); (10.249) 


from the boundaries or Zə-fixed planes, and it requires the fluxes F4 to be 
nonvanishing. This Bianchi identity reproduces the right Bianchi identity 
for the perturbative heterotic string in the weakly coupled limit (in which 
the length of the interval goes to zero). As a side remark, one can see from 
Eq. (10.249) that, when higher-order corrections are taken into account, 
fluxes no longer obey the ordinary Dirac quantization condition. Namely, in 
the appropriate normalization, the Bianchi identity implies that fluxes are 
half-integer quantized, 


[F4/21] = A(F) — \(R)/2, (10.250) 


where A describes the first Pontryagin class, which is an integer. Also, F 
refers to the Eg bundle and R refers to the tangent bundle. 

Requiring that the infinite coupling regime be avoided gives a lower bound 
on Newton’s constant, which (up to a numerical factor) is 


2 


G4 > (10.251) 
U 

This bound is about an order of magnitude weaker than what was derived 
from the weakly coupled heterotic string at the beginning of this section. 
Inclusion of numerical factors, such as 167°, gives a bound that is close 
to the correct value. Moreover, the bound can be weakened further if one 
chooses a Calabi-Yau manifold that is much smaller in some directions than 
in others, so that its size is not well characterized by a single scale. 


Moduli stabilization 


Moduli stabilization in the context of the heterotic string has not been ex- 
plored in detail. It is, of course, desirable to see if a potential for the interval 
length d can be generated and to make sure that the resulting value for the 
interval is in agreement with the value of Newton’s constant. Without en- 
tering into details, let us only mention that such a potential can be derived 
from nonperturbative effects in a similar manner as was done for the type 
IIB theory. The nonperturbative effects come from open M2-brane instan- 
tons that wrap the length of the interval (as illustrated in Fig. 10.11) and 
gluino condensation on the hidden boundary. Both effects combine in such 
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a way that the length of the interval is stabilized in a phenomenologically 
interesting regime. 




















Fig. 10.11. Open M2-brane instantons stretching between both boundaries together 
with gluino condensation generate a potential for the interval length. 


10.6 The landscape 


One of the goals of string theory is to derive the standard model of elemen- 
tary particles from first principles and to compute as many of its parameters 
as possible. The dream of a unique consistent quantum vacuum capable of 
making these predictions evaporated when it was discovered that there are 
several consistent superstring vacua in ten dimensions. Soon it became 
evident that the situation is even more complicated, because continua of 
supersymmetric vacua exist parametrized by the dilaton and other moduli. 
These vacua are unrealistic because they contain massless scalars, the mod- 
uli fields, and they have unbroken supersymmetry. Until supersymmetry is 
broken, one cannot answer the question of why the value of the cosmological 
constant is incredibly small but nonzero. This problem has been addressed 
in the recent string theory literature in the context of flux compactifications. 


The anthropic principle 


One approach proposed in the literature argues that there is a large number 
of nonsupersymmetric vacua so that the typical spacing between adjacent 
values for the cosmological constant is smaller than the observed value. In 
this case, it is reasonable that some vacua should have approximately the 
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observed value. Moreover, a significantly larger value than is observed would 
not lead to galaxy formation and the development of life in the Universe, so 
our existence ensures that a small value was chosen. In these discussions, 
the possible string theory vacua are viewed as the local minima of a very 
complicated potential function with many peaks and valleys. This function 
is visualized as a landscape. This picture is based on an intuition derived 
from nonrelativistic quantum mechanics. This intuition surely breaks down 
if the scale of the peaks and valleys approaches the string scale or the Planck 
scale, as it is based on the use of the low energy effective actions that can 
be derived from string theory. However, it provides a valid description if it 
is smaller than those scales by a factor that can be made arbitrarily large. 


The statistical approach 


Motivated by the existence of this enormous number of vacua, a statisti- 
cal analysis of their properties has been proposed. Consider the type IIB 
flux vacua discussed in Section 10.2, where the minima of the potential 
are described by isolated points. In the statistical approach, ensembles of 
randomly chosen systems are picked and specific quantities of interest are 
studied. Rather than studying individual vacua, the overall distribution of 
vacua on the moduli space is analyzed. Important examples of quantities 
that can be analyzed statistically are the cosmological constant and the su- 
persymmetry breaking scale. These studies are motivating string theorists 
to rethink the concept of naturalness in quantum field theory. If the multi- 
plicity of vacua can compensate for small numbers such as the ratio of the 
weak scale to the Planck scale, then it could undermine one of the arguments 
for low-energy supersymmetry breaking. 

In order to study the number and distribution of type IIB flux vacua, the 
ensemble is built from the low-energy effective theories with flux described 
by the superpotential of Eq. (10.101) and subject to the tadpole-cancellation 
condition Eq. (10.94). It is rather important in this approach that the num- 
ber of vacua that is found is finite. Fortunately, this seems to be a conse- 
quence of the constraints given by the tadpole-cancellation condition, which 
provides a bound on the possible fluxes. Additional constraints come from 
supersymmetry and duality symmetries as is discussed below. The number 
of vacua, with all moduli stabilized, is finite for this class of examples, but 
this might not be true in general. 


Counting of vacua 


Let us now describe the counting of supersymmetric type IIB flux vacua 
discussed in Section 10.2. Recall that in these vacua the three-form G3 = 
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F3 — 7H3 is nonvanishing. Since the three-forms F3 and H3 are harmonic, 
they are fully characterized by their periods on a basis of three-cycles 


NR = n°? | Fz; and Neg = 7%” I H3. (10.252) 
ue Zg 


Here nag is the intersection matrix of three-cycles and 7°? is its inverse. 
Recall that (for suitable normalizations) these N’s are integers as a conse- 
quence of the generalized Dirac quantization condition. In this notation the 
tadpole-cancellation condition Eq. (10.94) gives the following constraint on 
the fluxes 


0 < Nao NER NG, < L, (10.253) 
where 
L = x/24 — Nps. (10.254) 


Here y is the Euler characteristic of the 3-fold and Nps is a positive integer 
describing the total R-R charge, as in Eq. (10.94). 

Using Eq. (10.101), the superpotential can be written in terms of the 
periods of the holomorphic three-form 


Ta = | Q, (10.255) 
as 
W = (Ner —7N@g)la = N - IL. (10.256) 


A supersymmetric flux vacuum is determined by the flux quanta N® and 
solves the equation 


D;W =0, (10.257) 


where W = 0 corresponds to Minkowski space and W ¥ 0 corresponds to 
AdS space. 


A simple example 


The simplest examples of flux compactifications are orientifolds, such as 
T° /Zz. As an example, let us count the flux vacua for the simple toy model 
of a rigid Calabi-Yau with no complex-structure moduli, b3 = 2 and periods 
Il, = 1 and Ila = i. The Kahler moduli are ignored as these moduli fields 
are fixed by nonperturbative effects and therefore can be ignored in a pertur- 
bative description. This simple example illustrates all the features of more 
realistic six-dimensional examples. It has no geometric moduli at all, only 
the axion—dilaton modulus 7, which can be viewed as the complex-structure 
modulus of a torus. 
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The superpotential takes the simple form 


W=N-Il=Ar+B, (10.258) 

with coefficients 
A=—(Nig + iNo) = a1 + tae, (10.259) 
B = Ng +iNgp = bı + ibe. (10.260) 


Using Eq. (10.103), the condition Eq. (10.257) gives 





1 AT+ B 
D,W=0,W+8,KW =0,W oe Ee G. Vane) 
T-T T-T 
This determines the 7-parameter of the axion-dilaton to be 
T=—B/A. (10.262) 




















-0.5 O%'5 


Fig. 10.12. Values of 7 in the fundamental region of S L(2, Z) for a rigid Calabi-Yau 
manifold with L = 150. 
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One final restriction on the vacua comes from the SL(2, Z) duality sym- 
metry of the type IIB theory. This symmetry allows one to restrict the value 
of the integers appearing in the previous formula to ag = 0 and 0 < bi < ay, 
which then implies that ajbg < L. For each choice of L, the values of 
T that correspond to allowed choices of the fluxes can be computed using 
Eq. (10.262). A scatter plot of these values for the choice L = 150 is shown 
in Fig. 10.12. This figure shows that, at particular points, such as T = ni, 
there are holes. At the center of these holes there is a large degeneracy of 
vacua. For example, there are 240 vacua for T = 27. So one concludes from 
this simple toy example that the statistical analysis provides the informa- 
tion where vacua with certain properties can be found in the moduli space. 
With these techniques it is possible to compute the distribution function of 
vacua on the moduli space of string compactifications and such an analysis 
can be generalized to the nonsupersymmetric case. However, this is beyond 
the scope of this book. On the more speculative side, it has been proposed 
that the landscape can be described in terms of a wave function of the Uni- 
verse, providing an alternative way of thinking about the issue of how to 
choose among the many different flux vacua. This subject is an active area 
of current string theory research. 


10.7 Fluxes and cosmology 


Superstring theory and M-theory have implications for cosmology, some of 
which are addressed in this section. The main conceptual issues arise when 
the classical space-time description derived from general relativity breaks 
down, and the curvature of space-time diverges. This happens at the be- 
ginning of the Universe in the SBB, when the classical space-time becomes 
singular and the energy density becomes infinite. Here, one might hope 
that string theory smoothes out the singularity, due to the finite size of the 
string, so that there could be a sensible cosmology before the Big Bang. 
When the curvature of space-time and the string coupling become large, 
the perturbative formulation of string theory becomes unreliable, and one 
needs to turn to other techniques, such as the Matrix-theory proposal for 
M-theory,”4 which is an interesting area of current research. 


Some basic cosmology 


Before discussing string-theory cosmology, some basic features of the stan- 
dard model of cosmology, including its successes and shortcomings, are pre- 


24 Matrix theory is introduced in Chapter 12. 
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sented. The next two subsections are intended to present a basic “tool kit” 
of cosmology for the string-theory student. The interested student should 
consult cosmology textbooks for a more detailed and complete explanation. 


The perfect-fluid description 


Let us consider four-dimensional general relativity in the presence of a per- 
fect fluid, which describes the energy content of the Universe. By defini- 
tion, a perfect fluid is described in terms of a stress-energy tensor that is 
a smoothly varying function of position and is isotropic in the local rest 
frame. The perfect-fluid description is suggested by the fact that the mat- 
ter and radiation distribution of the Universe looks remarkably homoge- 
neous and isotropic on very large cosmological scales. For instance, most 
of the radiation contained in the Universe is accounted for by the cosmic 
microwave background (CMB), which is isotropic up to tiny fluctuations 
of order 107° once the dipole moment due to the motion of the Sun and 
Earth is subtracted. Furthermore, galaxy surveys indicate a homogeneous 
distribution at scales greater than 100 Mpc (1 pe = 3.086 x 10'®m). The 
energy-momentum tensor of a perfect fluid takes the form 


Too = P, Tij = Pij- (10.263) 


This tensor is characterized by three quantities: the mass-energy density p, 
the pressure p and the spatial components of the metric gij. In addition, it 
is generally assumed that there is a simple relation between the mass-energy 
density p and pressure p given by the equation of state 


p= wp. (10.264) 


where w is a constant that depends on whether the Universe is dominated 
by relativistic particles (termed radiation), nonrelativistic particles (collec- 
tively called matter) or vacuum energy. Some of the cosmologically relevant 
gravitating sources are listed in Table 10.1. 











type of fluid w paar a(t) ~ t?/ 3w 
radiation 1/3 1/af ae 
matter 0 1/a? {2/3 
vacuum energy —1 const. eV A/3t 











Table 10.1: Cosmologically most relevant gravitating sources. The time 
dependence of the scale factor a is given for k =0. 
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Friedmann—Robertson—-Walker Universe 
The homogeneity and isotropy of the D = 4 space-time uniquely determines 
the metric to be of the following Friedmann—Robertson— Walker (FRW) type 
dr? 
1 — kr? 


The only functional freedom remaining in this metric is the time-dependent 





ds? =a + 0°(t)( +r?(d6? + sin? 6d¢?)). (10.265) 


scale-factor a(t) which determines the radial size of the Universe. It is 
determined by the Einstein equations 


1 
Gu = Rw — zImwR = 8TGT v — Agu, (10.266) 


and therefore by the dynamics of the theory. Here G denotes Newton’s con- 
stant. A cosmological constant has been included in this equation, since re- 
cent astronomical observations indicate that it has a positive (nonvanishing) 
value A = 107120 M$ = (10~3eV)*. In addition, the metric is characterized 


by the discrete parameter k, which characterizes the spatial curvature? 


Reury = aļk| 7t. (10.267) 


It takes the values —1, 0, 1 depending on whether there is enough gravitating 
energy in the Universe to render it closed, flat or open. The precise definition 
of these terms is given below. For the flat case, k = 0, the time-dependence 
of the scale factor for various cosmic fluids is displayed in Table 10.1. 


Friedmann and acceleration equations 


The Einstein field equations, which determine a(t), reduce for the FRW 
ansatz to the Friedmann and acceleration equations, respectively 





1 k A 

H? = ò l 10.268 
3M2"" t F 3 ( ) 

a 1 A 
— = ——— (Ptot + 37to =~, 10.269 
A amz ot + Prot) + 3 ( ) 

where 

H(t) = a(t)/a(t) (10.270) 


defines the Hubble parameter, which determines the rate of expansion of the 
Universe. Furthermore, 


prot = >> Pir Prot = Di (10.271) 
i 


a 


25 In these conventions r is dimensionless and a(t) is a length. For k = 0, /—g = a8. 
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are the total energy density and pressure, while Mp = (81G)—1/ 2 denotes 
the reduced Planck mass.”° The index i labels different contributing fluids, 
as listed in Table 10.1. Sometimes the cosmological constant is regarded as 
a time-independent contribution to the energy density and pressure of the 
vacuum Pyac = —Pvac = MBA. It does not appear explicitly in the previous 
equations. 


Open, flat and closed Universes 


It follows from the Friedmann equation Eq. (10.268) that (for A = 0) the 
Universe is flat, k = 0, when the energy density equals the critical density 


pe = 3H? MÈ. (10.272) 


This is a time-dependent function that at present has the value pec,o = 1.7 x 
10-9 ¢/cm?. 

It is customary to define the energy density of the various fluids that are 
present in units of pe by introducing the density parameter Q; = pi/pe for 
the ith fluid. In terms of the sum over all such contributions, Q = }°,Q; = 
Ptot /Pc, the Friedmann equation takes the simple form 


Ok A 
ZE 3H? 


This illustrates that there is a simple relation between the curvature k and 


Q-1 





(10.273) 


the deviation from the critical density pe. The classification of cosmological 
models as open (infinite), flat or closed (finite), which is summarized in 
Table 10.2, follows from this equation.” 














p Q spatial curvature k type of Universe 
< Pc <1 —1 open 

= Pe =l 0 flat 

> pe >1 1 closed 




















Table 10.2: The classification of cosmological models. 


The Friedmann and acceleration equations imply the continuity or fluid 
equation, which expresses energy conservation 


Ptot + 3H (ptot + ptot) = 0. (10.274) 


26 The reduced Planck mass has a numerical value Mp = 2.436 x 1018 GeV and differs by a factor 
V8n from the alternative definition mp = 1.22 x 10!9 GeV. 
27 The value of A has been absorbed into 2 in this table. 
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If there is a single cosmic fluid, with equation of state given by Eq. (10.264), 
one obtains from here the following dependence of p on the FRW scale-factor 


1 


This relation, valid for any value of k, is displayed in Table 10.1 for the 
most important cosmic fluids. The acceleration equation implies that a < 0 
for fluids with p + 3p > 0, and hence the associated FRW cosmologies 
describe decelerating Universes. Under the general assumption that the 
energy density p is positive, one can show that a FRW cosmology implies 
an initial singularity. This forms the basis for the SBB model of cosmology 
in which a FRW Universe starts from an initial it Big-Bang singularity. 


The SBB model of cosmology 


Let us now briefly summarize the successes and remaining puzzles of the 
SBB model of cosmology. In the cosmological time period starting at the 
time of nucleosynthesis, when protons and neutrons bound together to form 
atomic nuclei (mostly of hydrogen and helium), the SBB model is very well 
confirmed by three main observations. These are 


e The Hubble redshift law: by extrapolation of the measured velocities of 
galaxies of the nearby galaxy cluster, Hubble made the bold conjecture 
that the Universe is undergoing a uniform expansion, so that galaxies that 
are separated by a distance L recede from one another with a velocity 
v = HoL, where Ho is the present Hubble parameter. This relation and 
deviations from it are well understood. 

e Nucleosynthesis: the relative abundance of the light elements, such as 75% 
H, 24% He and smaller fractions of Deuterium and “He, is explained by 
the theory of nucleosynthesis and constitutes the earliest observational 
confirmation of the SBB model. 

e The cosmic microwave background (CMB): most of the radiation con- 
tained in the Universe at present is nearly isotropic and has the form of 
a blackbody spectrum with temperature about 2.7°K. It is known as the 
Cosmic Microwave Background (CMB). The discovery of this radiation in 
1964 by Penzias and Wilson constitutes one of the great triumphs of the 
SBB model, which predicts a black-body distribution for the CMB. The 
measurement of the CMB’s temperature fluctuations, ôT/T, whose spa- 
tial variation is decomposed into a power spectrum, provides information 
on the energy-density fluctuations p/p in the early Universe. This is im- 
portant for understanding the potential microscopic origin of the observed 
large-scale structure of the Universe. 
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However, puzzles still remain in the SBB model. Some of the most im- 
portant ones are 


e The horizon problem: the observed CMB is isotropic. However, when we 
follow the evolution of the Universe backwards in time according to the 
SBB model the sky decomposes into lots of causally disconnected patches. 
It needs to be explained why opposite points in the sky look so similar 
even though they cannot have been in causal contact since the Big Bang. 

e The flatness problem: observation shows that Q = ptot/pc ~ 1 at the 
current epoch. From the SBB evolution one finds that the comoving 
Hubble length 1/(aH) increases in time. Hence the Friedmann equation 
Eq. (10.273) shows that 2 would have to be fine-tuned to a value extremely 
close to one at earlier times in order to comply with present observation. 

e Unwanted relics: the SBB model does not explain why some relics, that 
could in principle be abundant, are so rare. Examples of such relics are 
magnetic monopoles, which would be produced when the gauge group of 
a grand-unified theory is broken to a smaller group. Other examples are 
domain walls, cosmic strings or the gravitino. Perhaps not all of these 
objects exist, but some of them probably do. The presence of unwanted 
relics would be dramatic, since some of them could quickly dominate the 
evolution of the Universe. 

e The origin of the CMB anisotropies: the SBB does not explain the ob- 
served CMB anisotropies occurring at a relative magnitude of about 1075. 


These four puzzles are successfully addressed by an inflationary phase in 
the early Universe (taking place prior to the Big Bang), as discussed in the 
next section. There are more puzzles, which may or may not be connected 
to inflation, such as 


e Dark matter: rotation curves of galaxies and the application of the virial 
theorem to the dynamics of clusters of galaxies indicate that there must be 
some form of invisible matter, called dark matter, which clusters around 
galaxies and is responsible for explaining the large-scale structure of the 
Universe. This dark matter should be predominantly cold, meaning that it 
is composed of particles that were nonrelativistic at the time of decoupling 
with no significant random motion. 

e Dark energy: measurements of high red-shift Type I supernovas imply 
that our Universe is undergoing an accelerated expansion in the present 
epoch. A positive ä requires an unusual equation of state with sources 
of negative pressure appearing in the energy-momentum tensor, as the 
inequality p + 3p < 0 needs to be satisfied. The presence of a positive 
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cosmological constant on the right-hand side of the acceleration equation 
Eq. (10.269) would give such a repulsive force. 

e Why four dimensions? Critical M-theory or string theory predicts 11 or 
ten dimensions, respectively. The answer to the question of why we only 
observe four large dimensions might be provided within the context of 
cosmology. 


These last three problems seem to require new physics beyond the SBB for 
their solution. For example, supersymmetry can provide viable dark mat- 
ter candidates such as the lightest supersymmetric partner of the standard 
model particles (LSP). A thorough understanding of quantum gravity may 
be required to solve the latter two questions. On the other hand, as is dis- 
cussed in the next subsection, there is a simple mechanism within the FRW 
cosmology framework that solves the first set of four puzzles. 


Basics of inflation 
Inflationary cosmology was introduced in the 1980s to solve some of the 
previously mentioned problems of the SBB model. This theory does not 
replace the SBB model, rather it describes an era in the evolution of our 
Universe prior to the Big Bang, without destroying any of its successes. 


Definition of inflation 
Very generally, a period of inflation is defined as a period in which the 
Universe is accelerating and thus the scale factor satisfies 


a(t) > 0. (10.276) 
Equivalently, this condition can be rephrased as 
d/ 1 
— | — ‘ 10.2 
aaa) =! eee) 


This equation states that the comoving*® Hubble length 1/aH, which is the 
most important characteristic scale of an expanding Universe, decreases in 
time. From the acceleration equation Eq. (10.269), one finds that inflation 
implies 

Ptot + 3Ptot < 0, (10.278) 


so that, assuming p > 0, the effective pressure of the material driving the 
expansion has to be negative. Scalar (spin-0) particles have this property, 
as is discussed next. 


28 In general, a comoving point is defined as a point moving with the expansion of the Universe, 
that is, a point with vanishing momentum density. 
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The inflaton 


The scalar particles used to construct different inflationary models are called 
inflatons. When there is just one such inflaton, it is described by the La- 
grangian 


£ = —59"”9,00,6- V (6), (10.279) 


where ¢ is the inflaton and V(@) is its potential. Different inflationary 
models are described by different potentials, which ultimately should be 
derived from a fundamental theory, such as string theory. The components 
of the energy-momentum tensor following from Eqs (10.279), (10.83) and 
(10.263) determine the expressions for the density and pressure to be 


pe = 5 + V(0), (10.280) 
Po = o —V(¢). (10.281) 


Here spatial gradients are assumed to be negligible, so that ¢ can be regarded 
to be a function of t only. 

We conclude from this that inflation takes place as long as ¢? < V(9), 
which is generally the case for potentials that are flat enough. Neglecting k, 
A and other forms of matter, these expressions can be substituted into the 
Friedmann equation Eq. (10.268) and the continuity equation Eq. (10.274) 
to get the equations of motion 





2 1 lio 
R = AV) +5971 (10.282) 
and 
o+3Hdb= -Z (10.283) 


One observes that the field equation for the inflaton looks like a harmonic 
oscillator with a friction term given by the Hubble parameter. Different 
models of inflation can be obtained by solving these two equations for a 
variety of potentials V(¢). Some examples are discussed below. Before 
doing so, let us first explain why inflation solves some of the problems not 
explained within the context of the SBB model. 


Solution to some problems of the SBB model 


From the form of the Friedmann equation, it becomes evident why inflation 
can solve some of the unanswered questions of the SBB model. According 
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to Eq. (10.277), the comoving Hubble length decreases in time during infla- 
tion, and this is just what is needed to solve the flatness problem. Whereas 
usually 2 is driven away from 1, the opposite happens during inflation, as 
we can see from Eq. (10.273) (the Friedmann equation), with the cosmo- 
logical constant term set to zero or absorbed into Q. The curvature term 
become negligible once the comoving Hubble length increases. Hence, if in- 
flation lasts for a long enough time, it brings Q very close to 1 without the 
necessity for fine-tuning Q. The horizon problem is solved as the distance 
between comoving points gets drastically stretched during inflation. This 
allows the entire present observable Universe to lie within a region that was 
well inside the Hubble radius before inflation. Since the Hubble radius is a 
good proxy for the particle horizon size, that is, the size over which massless 
particles can causally influence each other, the whole currently observable 
Universe could have been causally connected before inflation. Likewise, this 
stretching dilutes the density of any undesired relic particles, provided they 
are produced before the inflationary era. 


Different inflationary models 


Cosmologists have considered a large number of models and studied their 
inflationary behavior. The models studied in the literature can be classified 
according to three independent criteria. 


e Initial conditions for inflation: many inflationary models are based on the 
assumption that the Universe was in a state of thermal equilibrium with 
a very high temperature at the beginning of inflation. The inflaton was 
at the minimum of its temperature dependent effective potential V(¢, T). 
The main idea of chaotic inflation is to study all possible initial conditions 
for the Universe including those where the Universe is outside of thermal 
equilibrium and the scalar is no longer at its minimum. 


e Behavior of the model during inflation: there are various possibilities for 
the time dependence of the scale factor a(t). Power law inflation is one 
example that is discussed next. 


e End of inflation: there are basically two possibilities for ending the in- 
flationary era, slow roll or a phase transition. In the first type of model 
the inflaton is a slowly evolving (or ’rolling”) field, which at the end of 
inflation becomes faster and faster. Phase transition models contain at 
least two scalar fields. One of the fields becomes tachyonic at the end 
of inflation, which generally signals an instability, where a phase transi- 
tion takes place. Hybrid inflation is an example. This type of inflation is 
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of particular interest in recent attempts to make contact between string 
theory and inflation. 


Power-law inflation 


It is hard to find the exact solution of Eqs (10.282) and (10.283) for a 
generic inflaton potential V (¢), so approximations or numerical studies have 
to be made. However, there is one known analytic solution called power-law 
inflation. For power-law inflation the potential is 


2 ¢ 
V(¢) = Voex (- (255). 10.284 
(8) = Voexp (- y 5% (10.284) 
where Vp and p are constants. The scale factor and inflaton that solve the 
spatially flat equations of motion are 


a(t) = aot, (10.285) 


$(t) = V2pMp log (, opin): (10.286) 


The scale factor is inflationary as long as p > 1. 


Slow-roll approximation 


As stated above, finding exact solutions to Eqs (10.282) and (10.283) is 
difficult, so approximations need to be made. The so-called slow roll ap- 
proximation neglects one term in each equation 





2 V(¢) 
H? x 3M2 (10.287) 
3Hġ ~ —V'(¢), (10.288) 


where primes are derivatives with respect to the inflaton. A necessary con- 
dition for the slow-roll approximation to be valid is that the two slow-roll 
parameters € and 7 are small 


OE S MB(V'/V} <1, (10.289) 


In(b)| = MÈ |V" /V| <1. (10.290) 


The parameter € is positive by definition, but the absolute value is required 
on the left-hand side of the second equation, since 7 can be negative. Ob- 
taining a solution to the slow-roll conditions is sufficient to achieve inflation, 
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but not necessary. This can be seen by rewriting the condition for inflation 
Eq. (10.276) as 
"=H+H’>0, (10.291) 
a 
where a > 0 needs to be taken into account. This is obviously satisfied 
for H > 0. From the Friedman and acceleration equations this requires in 
Po < Po, Which is not satisfied for the scalar field described by Eqs (10.280), 
(10.281). If H < 0, then the following inequality has to be satisfied 





H 
-F <1. (10.292) 
This can be rewritten in terms of € using the slow-roll approximation 
H  M3,/Vv'\2 
~ =E. 10.2 
M~ 2 ( 7) í ane) 


By the slow-roll approximation, € < 1, we observe that this condition leads 
to ä > 0 and inflation. The second restriction 7 < 1 guarantees the friction 
term dominates in Eq. (10.283) so that inflation lasts long enough. The 
above conditions provide a straightforward method to check if a particular 
potential is inflationary. For the simple example of V(¢) = m?¢?/2, the 
slow-roll approximation holds for ¢? > 2M?, and inflation ends once the 
scalar field gets so close to the minimum that the slow-roll conditions break 
down. 


Exit from inflation 
From the previous discussion, one concludes that the slow-roll conditions 
provide a way to characterize the exit from inflation. The inflationary pro- 
cess comes to an end when the approximations break down, which happens 
for a value of ¢ for which ¢(¢) = 1. A simple calculation shows that, for 
power-law inflation, the slow-roll parameters are given by constants 


e€ =n/2 = 1/p, (10.294) 


so that inflation never ends. In principle, this is a problem. One way of 
solving it could be provided by embedding this model into string theory, 
where additional dynamics might provide an end to the inflationary era. 


Hybrid inflation 


An inflationary model that has played a role in recent string-cosmology de- 
velopments, called hybrid inflation, was constructed in the early 1990s. This 
model is based on two scalar fields: the inflaton Y, whose potential is flat and 
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satisfies the slow-roll conditions, and another scalar ¢, whose mass depends 
on the inflaton field. Inflation ends in this model not because the slow-roll 
approximation breaks down, but because the field @ becomes tachyonic, that 
is, its mass squared becomes negative. This signals an instability, where a 
phase transition takes place. During this phase transition topological de- 
fects, such as cosmic strings?®, can be formed. The explicit form of the 
potential for hybrid inflation is 


V(b») = aly? — 1)¢* + bd* +c, (10.295) 


where a, b, c are positive constants. From the form of V(¢,w), one easily 
observes that, for 7? > 1, the field ¢ has a positive mass squared, it becomes 
massless at Y% = 1 and ¢ is tachyonic for ? < 1. Since ¢ is driven to zero 
for w > 1, the potential in the w direction is flat and satisfies the slow- 
roll conditions, so that w is identified with the inflaton, while ¢ is called 
the tachyon. As discussed in the next section, precisely such a tachyon 
appears in brane—antibrane inflation, which is how hybrid inflation makes 
its appearance in string theory. After inflation Y? < 1, ¢ acquires a vev and 
w becomes massive. 


Number of e-foldings 


There are various model-dependent quantities that can be compared with 
cosmological observations, and which can eventually be used to rule out 
some of the inflationary models. The amount of inflation that occurs after 
time t is characterized by the ratio of the scale factors at time t and at the 
end of inflation. This ratio determines number of e-foldings N(t) 





a(tena) 
N(t) =lo ( Ni 10.296 
(0) = log (So (10.296) 
where tenq is the time when inflation ends. This quantity measures the 
amount of inflation that remains to take place at any given time t. Using 
the slow-roll approximation, N can be conveniently rewritten in terms of 
the inflaton and its potential 
tend a tend 1 $ V 
Nit) = J ie a a (10.297) 
t a t Mp Pend v’ 
Here Qena is the value of the inflaton at the end of inflation, which satis- 
fies €(@enq) = 1 when inflation ends through a breakdown of the slow-roll 
approximation. To solve the flatness and horizon problems, the number of 


29 The existence of cosmic strings would be extraordinary, as a direct experimental evidence of 
string theory would be provided. This subject is nevertheless beyond the scope of this book. 
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e-foldings has to be larger than 60, a criterion that can be used to rule out 
some inflationary models. 


Gravitational waves and density perturbations 


Inflation not only explains the homogeneity and isotropy of the Universe, 
but it also predicts the spectrum of gravitational waves (also called tensor 
perturbations) as well as the density perturbations (also called scalar pertur- 
bations) of the CMB. Density perturbations create anisotropies in the CMB 
and are responsible for the formation and clustering of galaxies. The size 
of these irregularities depends on the energy scale at which inflation takes 
place. The observed scalar perturbations are in excellent agreement with 
the predictions of inflation. Gravitational waves do not affect the forma- 
tion of galaxies but lead to polarization of the CMB, which is beginning to 
show up in the WMAP (Wilkinson Microwave Anisotropy Probe) satellite 
experiment and will be measured better in future missions. 

Without entering into much detail, let us mention that such fluctuations 
in the energy density of the Universe can be explained in the context of 
inflation as originating from the quantum fluctuations of the inflaton. In- 
flation produces density perturbations at every scale. The amplitude of 
these perturbations depends on the form of the inflaton potential V. More 
precisely, the spectrum for density perturbations ôy (k) ~ dp/p and gravita- 
tional waves Ag(k) are given by the expressions 


5127 V2/3 
bulk) = 5 MZV" 


[32 V 1/2 
A sake f ; 
alk) 75 Mè coe? (403290) 


Here k is the comoving wave number, appearing because the fluctuations 





(10.298) 





k=-aH’ 





are typically analyzed in a Fourier expansion into comoving modes 6¢ = 
Dopet. The right-hand side of these equations is to be evaluated at a 
particular time during inflation for which k = aH, which for a given k 
corresponds to a particular value of œ. 


Comparison with cosmological data 


Cosmological data lead to dy = 1.91 x 107°, provided that Ag << dy. 
To compare with observational data, it is useful to express the spectrum in 
terms of observable quantities and to make a power-law approximation 


Ou(k) =k",  AR(k) ke, (10.300) 
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Here n and ng are called the spectral indices for scalar and tensor pertur- 
bations, respectively 





dln ô? dln A2, 
Soe H = . 10.301 
dink’? "CT “dink went) 
The spectral indices can be expressed in terms of the slow-roll parameters 
n=1-6e-+ 2n, (10.302) 
ng = —2e, (10.303) 


which shows that, in the slow-roll approximation, the spectrum is almost 
scale invariant n ~ 1. Because spectral indices are measurable quantities, 
we can use these relations to gain information about the inflaton potential. 
Recent results from WMAP indicate that n ~ .95. 


Fluxes and inflation 


The embedding of inflation into string theory is difficult in conventional 
Calabi-Yau compactification. Even though such compactifications contain 
many scalar fields that could potentially serve as inflatons, namely the mod- 
uli fields, these fields are generically either massless or have a potential with 
a runaway behavior, which makes their interpretation as inflatons rather 
difficult. This situation has changed quite a bit with the development of a 
better nonperturbative understanding of string theory and flux compactifi- 
cations. 


Brane-brane inflation 


One of the first attempts to embed inflation into string theory (developed in 
the late 1990s) makes use of D-branes. In this approach a pair of D-branes 
is considered and the inflaton is identified with the scalar field describing 
the separation of the branes, that is, it is the lowest mode of the open string 
that connects the two D-branes. If supersymmetry is preserved, there is no 
net force between the branes and no potential for the inflaton. This has been 
verified by a one-loop string amplitude calculation, which is not presented 
here. The intuitive argument is that, for a BPS brane configuration, the 
gravitational attraction between the branes is compensated by the repulsive 
Coulomb forces between the two branes coming from various NS—NS and 
R-R fields. However, when supersymmetry is broken (in a certain way), 
there is a net attractive force between the branes. This leads to a potential 
for the inflaton field. 

Even though this was the first proposal that demonstrated the possibility 
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of making connections between string theory or brane physics and inflation, 
the concrete model had some problems, such as a drastic fine tuning required 
to reproduce the experimental values of the density perturbations or the lack 
of a satisfactory explanation for the end of inflation. 


Brane-antibrane inflation 


Some of these problems were solved in the context of brane-antibrane in- 
flation. Consider instead a D3/anti-D3 system located at specific points of 
a Calabi-Yau three-fold. For a D3/anti-D3 system supersymmetry is bro- 
ken, and there is a net attractive force between the branes and antibranes, 
whose explicit form is given by the potential (for a large distance between 
the brane and the antibrane) 





1 Ts 
V(r) = 2T; | 1- — 10.304 

(r) 3 ( I3 i) ’ ( ) 
where Myo is the ten-dimensional Planck mass, T3 is the D3-brane tension 
and r is the separation between the brane and the antibrane. One can write 
this potential in terms of the canonically normalized scalar ¢ = Th / r, where 
it takes the form 





V(¢) =27% (1--} Ty (10.305) 
273 M864) ` i 


Using this potential, one can compute the slow-roll parameters appearing in 
Eqs (10.289) and (10.290) 


1 2 1 2 LS 
2 II L° 
n= Mp(V"/V) ~ =. (10.307) 


Mp is the four-dimensional Planck mass appearing in Eq. (10.290) which 
is related to the ten-dimensional Planck mass by MZ = L°M*,. Here L® 
approximately represents the volume of the Calabi-Yau three-fold. The 
D3 and anti-D3-branes are localized at specific points on the Calabi-Yau 
manifold, that is, they cannot be separated by more than L. As a result, it 
is not possible to achieve |7| << 1, as needed for slow-roll inflation. Different 
proposals for solving this problem have been presented in the literature, such 
as D3- and anti-D3-branes in a warped geometry (this is discussed next), 


branes at angles or collisions of multiple branes °°. 


30 A more recent proposal is to give up the slow roll condition. 
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Inflation and fluxes 


In the previous treatment of the D3/anti-D3 system the size L was treated 
as a constant. However, it is known that in string theory the size of the 
internal manifold is a modulus. The potential (in the four-dimensional Ein- 
stein frame) for this field (again for a D3/anti-D3-brane distance large as 
compared to the string scale) is 


V(b,L) x = (10.308) 


aD: 
This potential is very steep for small L. As a result, treating L as a dy- 
namical field causes the Calabi-Yau size to become large too fast to realize 
slow-roll inflation. This issue could in principle be avoided if the radial mod- 
ulus of the internal manifold is stabilized. In Section 10.3 a mechanism was 
described to stabilize the radial modulus of a D3/anti-D3 system in terms of 
fluxes and nonperturbative effects. The stabilization of the radial modulus 
using nonperturbative corrections to the superpotential does not solve this 
problem (unless some degree of fine tuning is allowed), but it puts it into a 
new perspective. 

As discussed in Section 10.3, to analyze the stabilization of the moduli of 
a D3/anti-D3 system on an internal warped geometry the scalar potential 
for the radial modulus of the internal manifold and the scalars describing 
the positions of the branes need to be derived. M = 1 supersymmetry 
dictates that this potential is determined in terms of a Kahler potential and 
a superpotential. 

Consider first a single D3-brane position modulus ¢ and the radial mod- 
ulus of the internal space p. The Kahler potential is given by 


Here the real part of p is related to the size L by 
2L =p+p—k(¢,4), (10.310) 


while the imaginary part of p is the axion x. Furthermore, k(¢, ¢@) is the 
canonical Kahler potential for the inter-brane distance, which is given by 
k($,) = ġġ. 

The other quantity that determines the form of the low-energy effective 
action is the superpotential W. As explained in Section 10.3, W takes the 
form 


W(p) = Wo + Ae”. (10.311) 
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Here Wọ is the perturbative superpotential 
Wo = Jo AQ, (10.312) 


where Q is the holomorphic (3,0) form. The exponential contribution de- 
pending on p comes from nonperturbative effects, as discussed in Chapter 10. 
Further contributions to the scalar potential involving the radial modulus 
come from corrections to the Kahler potential, which will be ignored in the 
following. The complete form of these corrections is not known at present. 

The above results for the Kahler potential and the superpotential can be 
used to compute the scalar potential for the Calabi-Yau volume and the 
brane position, which is determined by supersymmetry 


vie (GDW DW x 31w?) l (10.313) 
Using the previous expressions for the Kähler potential and the superpoten- 
tial the potential takes the form 


|W? 
121? 





1 5 eee = be 


As explained in Chapter 10, including the effects of the anti-D3-brane gives 
an additional term in the potential 





o1 er Hoari n \ 2 Palo |® =- D 
v= z (W - sy Wow + wa) ( iar?) oP + OL)?’ 
(10.315) 


where D is a positive constant. This potential can be expanded about a 
minimum in which p = pe, and ¢ = 0. After transforming to a canonically 
normalized field Y = ¢/ /3/(o + A) , the potential can be written in the form 
Volpe) eh Qos 

V= U- 96/3 = Volpe) (1 + sop) ; (10.316) 
This potential leads to a slow-roll parameter 7 = 2/3, which again indicates 
that no slow-roll inflation can be described in this scenario, at least not in 
an obvious manner. Allowing a certain amount of fine tuning of the inter- 
brane distance would obviously solve this problem. As previously mentioned, 
other alternatives based on inflation are currently explored in the literature. 
Other approaches aim to propose an alternative to inflation such as brane 
gases, time-dependent warped geometries, models based on Matrix theory 
or models that make a connection to the dS/CFT correspondence. It is fair 
to say that, even though it is an exciting prospect, the application of string 
theory to cosmology is still at its early stages. 
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Hybrid inflation and exit from inflation 


One very attractive aspect of D3/anti-D3-brane inflation is that it provides a 
natural mechanism to end inflation based on the hybrid inflation mechanism 
previously discussed. The potential for the interbrane distance discussed so 
far is valid for distances that are large compared to the string scale. Since the 
force between the D3-brane and the anti-D3-brane is attractive, the branes 
collide and annihilate with one another. This process is described in terms of 
an additional field T, which corresponds to the tachyon of hybrid inflation. 
For large brane separation, this field is massive. It becomes massless once 
the branes come sufficiently close to one another and tachyonic when they 
annihilate. The form of the potential describing this process is the same as 
the potential for hybrid inflation previously discussed: 





V(¢,T) =a ((¢/e,)? — b) T? +cT* + V(9), (10.317) 


where a, b and c are positive constants. The collision of branes results in 
the production of strings of cosmic size, which are called cosmic strings. 
Even though they are not an inevitable prediction, the discovery of such 
objects would be a spectacular way to verify string theory. Further progress 
in string cosmology, together with more observational data, may someday 
provide direct evidence of string theory. 


Appendix: Dirac matrix identities 


This appendix lists various identities satisfied by Dirac matrices. These have 
been used in this chapter to analyze the conditions for unbroken supersym- 
metry of flux compactifications. 





Ym, Y| = 2m" {Im 7" } = 26m" 

Ymns Y] = —4ôim Yn] {Imn V} = Ymr” 

Ymnp, Y] = 2ZYmnp" {Ymnp: V} = 66m" Ynp| 
Ymnpq "| = —86[m" Ynpal {Ymnpqr T} = 2%mnpq" 
Ymnpqk, Y] = 2Ymnpqk {Ymnpak: V} = 10ôim Ynpak] 
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In general, 
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The Fierz transformation identity for commuting spinors is 


d 


— 1 1 z 
WS > TD mmx: (10.318) 
p=0 °° 


In the case of anticommuting spinors there is an additional minus sign. 





HOMEWORK PROBLEMS 





PROBLEM 10.1 
Show that covariant derivatives with respect to conformally transformed 
metrics Gyn = 2? gun are related by 


a 1 
Yun = Van + 50 Vn mn. 
Use this result to derive Eq. (10.18). 


PROBLEM 10.2 
Re-express the supersymmetry transformation Eq. (10.26) in terms of the 
rescaled spinor € = A!/4n. Use this equation to show that the almost 
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complex structure defined by Eq. (10.29) is covariantly constant 
VpJm” =0, 


where V, is defined with respect to the metric gmn appearing in Eq. (10.5). 


PROBLEM 10.3 
Use the Fierz identity Eq. (10.318) to show that the almost complex struc- 
ture given in Eq. (10.29) satisfies J? = —1. 


PROBLEM 10.4 

Consider a flux compactification of M-theory on an eight manifold to three- 
dimensional Minkowski space-time. Suppose that two Majorana—Wey] spin- 
ors of opposite chirality €,, £- on the eight-dimensional internal manifold 
can be found 














PE = za ro Pye a Ei 


so that the 8D spinor € = €, + €_ is nonchiral. Assuming that the internal 
flux component is self-dual, show that, after an appropriate rescaling of the 
spinor, the internal component of the gravitino supersymmetry transforma- 
tion takes the form 


1 
Vmê+ — A Te =0, Vm =0. 


PROBLEM 10.5 

Consider M-theory compactified on an eight manifold with a nonchiral com- 
plex spinor on the internal space. Recall that Eq. (10.17) showed that a 
nonvanishing vector field can be constructed. 


(i) Use the Fierz identity (10.318) to show that Eq. (10.17) implies that 
the vector field relates the two (real) spinors of opposite chirality 


q = vyan. 


(ii) Use part (i) and the result of Problem 10.4 to show that the primi- 
tivity condition Eq. (10.36) is modified to 


FAJ+xdv=0, 


where v has been rescaled by a constant. 


PROBLEM 10.6 
Show that the operations J3, J+, J— in Eq. (10.38) define an SU(2) algebra. 
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PROBLEM 10.7 
Verify Eq. (10.226), which shows that the flux backgrounds for the weakly 
coupled heterotic string in Section 10.4 are conformally balanced. 


PROBLEM 10.8 

Show that, in the absence of sources or singularities in the background ge- 
ometry, type IIB theories compactified to four dimensions do not admit dS 
space-times as solutions to the equations of motion. In other words, repeat 
the computation that led to Eq. (10.86) by allowing a cosmological constant 
A in external space-time. 


PROBLEM 10.9 

Assuming a constant dilaton, show that the scalar potential of type IIB 
theory compactified on a Calabi-Yau three-fold in the presence of fluxes is 
given by 


vie (GDW DW z 31w?) l 
where 
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Here a,b label all the holomorphic moduli. You can assume that the Kahler 
potential is given by Eq. (10.104). 


PROBLEM 10.10 
Show that, in a Calabi-Yau four-fold compactification of M-theory, the sta- 


IP 
— fAAQ 


tionary points of 
IZ()? 


are given by the points in moduli space where |Z(y)|? = 0, or if |Z(y)|? Æ 
0, then F has to satisfy Ft = F°1 = 0. In the above expression y is 
the Poincaré dual cycle to the four-form F. A related result is derived in 
Chapter 11 in the context of the attractor mechanism for black holes. 


PROBLEM 10.11 
Show that the Christoffel connection does not transform as a tensor under 
coordinate transformations, but that torsion transforms as a tensor. 


PROBLEM 10.12 
Show that D7-branes give a negative contribution to the right-hand side of 
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Eq. (10.86). In order to do this, you have to take into account the first a’ 
correction to the D7-brane action, whose form is given in Eq. (10.91) after 
determining the coefficient. 


PROBLEM 10.13 
Show that the Kahler form J of the singular conifold described in Sec- 
tion 10.2 can be written in terms of a basis of one-forms according to 


2 1 
J= gir Ags +g (ene tenet) 
Deduce that G3, given by Eqs (10.133) and (10.135), is primitive. 


PROBLEM 10.14 
For the heterotic string with torsion there is an identity of the form 


xH = -e d(e? J). 


Derive the value of the parameter a for which this is true. 


PROBLEM 10.15 
Verify Eqs (10.170), (10.173), (10.176) and (10.177) for flux compactifica- 
tions of M-theory on a Calabi-Yau four-fold. 


PROBLEM 10.16 
Fill in the details of the Kaluza-Klein compactification to derive the scalar 
potential Eq. (10.168). 


PROBLEM 10.17 
Derive the formula for Newton’s constant in the context of the strongly 
coupled heterotic string Eq. (10.248). 


PROBLEM 10.18 
Derive the result Eq. (10.221) from the dilatino equation Eq. (10.199). 


PROBLEM 10.19 
Show that the Einstein field equations that determine a(t) reduce for the 
FRW ansatz to the Friedmann and acceleration equations. 


PROBLEM 10.20 
When the slow-roll parameters satisfy Eqs (10.289) and (10.290), show that 
it is consistent to neglect the corresponding two terms in the FRW equations. 


11 
Black holes in string theory 


Black holes are a fascinating research area for many reasons. On the one 
hand, they appear to be a very important constituent of our Universe. There 
are super-massive black holes with masses ranging from a million to a billion 
solar masses at the centers of most galaxies. The example of M31 is pictured 
in Fig. 11.1. Much smaller black holes are formed as remnants of certain 
supernovas. 





Fig. 11.1. The nuclei of many galaxies, including M31, are quite violent places, and 
the existence of supermassive black holes is frequently postulated to explain them. 
M15, on the other hand, is one of the most densely packed globular clusters known 
in the Milky Way galaxy. The core of this cluster has undergone a core collapse, 
and it has a central density cusp with an enormous number of stars surrounding 
what may be a central black hole. 


From the theoretical point of view, black holes provide an intriguing arena 
in which to explore the challenges posed by the reconciliation of general 
relativity and quantum mechanics. Since string theory purports to provide 
a consistent quantum theory of gravity, it should be able to address these 
challenges. In fact, some of the most fascinating developments in string 
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theory concern quantum-mechanical aspects of black-hole physics. These 
are the subject of this chapter. 

The action for general relativity (GR) in D dimensions without any sources 
is given by the Einstein—Hilbert action! 


1 D 
= = 11.1 
$= J Paan (11.1) 


where Gp is the D-dimensional Newton gravitational constant. The classical 





equation of motion is the vanishing of the Einstein tensor 


1 
Gu = Rw — gzImR =0, (11.2) 


or, equivalently (for D > 2), Ruy = 0. Thus, the solutions are Ricci- 
flat space-times. Straightforward generalizations are provided by adding 
electromagnetic fields, spinor fields or tensor fields of various sorts, such as 
those that appear in supergravity theories. Some of the most interesting 
solutions describe black holes. They have singularities at which certain 
curvature invariants diverge. In most cases these singularities are shielded by 
an event horizon, which is a hypersurface separating those space-time points 
that are connected to infinity by a time-like path from those that are not. 
The conjecture that space-time singularities should always be surrounded by 
a horizon in physically allowed solutions is known as the cosmic censorship 
conjecture.” Classically, black holes are stable objects, whose mass can only 
increase as matter (or radiation) crosses the horizon and becomes trapped 
forever. Quantum mechanically, black holes have thermodynamic properties, 
and they can decay by the emission of thermal radiation. 


Challenges posed by black holes 


A long list of challenges is presented by black holes. Some of them have 
been addressed by string theory already, while others remain active areas of 
research. Here are some of the most important ones: 


e Does the existence of black holes and branes imply that quantum me- 
chanics must break down and that pure quantum states can evolve into 
mixed states? The fact that this superficially appears to be the case is 
known as the information loss puzzle. String theory is constructed as a 
quantum theory, and therefore the answer is expected to be “no.” In fact, 
various arguments have been constructed that point quite strongly in that 


= 


See the Appendix of Chapter 9 for a brief review of Riemannian geometry. 
This is a modern version of the conjecture. Originally, the conjecture was that, starting from 
“good” initial conditions, general relativity never generates naked singularities. 


N 
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direction. However, a complete resolution of the information loss puzzle 
undoubtedly requires understanding how string theory makes sense of the 
singularity, where quantum gravity effects become very important. So it 
is fair to say that this is still an open question. 


Can string theory elucidate the thermodynamic description of black holes? 
Does black-hole entropy have a microscopic explanation in terms of a large 
degeneracy of quantum states? One of the most important achievements 
of string theory in recent times (starting with work of Strominger and 
Vafa) is the construction of examples that provide an affirmative answer 
to this question. This chapter describes explicit string solutions for which 
a microscopic derivation of the Bekenstein-Hawking entropy is known. 


Are there black-hole solutions that correspond to single microstates rather 
than thermodynamic ensembles? If so, do they have a singularity and a 
horizon? Or do these properties arise from thermodynamic averaging? 
These questions are currently under discussion. However, since the an- 
swers are not yet clear, they will not be addressed further in this chapter. 


What, if anything, renders black-hole singularities harmless in string the- 
ory? In some cases, as illustrated by the analysis of the conifold in Chap- 
ter 9, the singularity can be “lifted” once nonperturbative states are taken 
into account. One natural question is whether string theory can elucidate 
the status of the cosmic censorship conjecture? 


Does string theory forbid the appearance of closed time-like curves? Such 
causality-violating solutions can be constructed. There needs to be a 
good explanation why such solutions should or should not be rejected as 
unphysical. It may be that they only occur when sources have unphysical 
properties. 

What generalizations of black-hole solutions exist in dimensions D > 4? 
The case of five dimensions is discussed extensively in this chapter, and ex- 
plicit supersymmetric black-hole solutions are presented. Black holes fall 
into two categories: (1) large black holes that have finite-area horizons in 
the supergravity approximation; (2) small black holes that have horizons 
of zero area, and hence a naked singularity, in the supergravity approxi- 
mation. The small black holes acquire horizons of finite area when stringy 
corrections to the supergravity approximation are taken into account. It 
seems that large supersymmetric black holes only arise for D < 5. This is 
one reason why there has been a lot of interest in the D = 5 case. Another 
reason is that nonspherical horizon topologies become possible for D > 4. 
The example of D = 5 black rings will be described. 


Chapter 12 describes black p-brane solutions. Black branes are higher- 
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dimension generalizations of black-hole solutions. These solutions play an 
important role in the context of the AdS/CFT correspondence. 

e A recent speculative suggestion is that black holes might be copiously 
produced at particle accelerators, such the LHC.? This prediction hinges 
on the possibility of lowering the scale at which gravity becomes strong in 
suitably warped backgrounds, such as those discussed in Chapter 10. The 
scale might even be as low as the TeV scale. If correct, this would provide 
one way of testing string theory at particle accelerators, which would be 
quite fantastic. 


11.1 Black holes in general relativity 


In order to introduce the reader to some basic notions of black-hole physics, 
let us begin with the simplest black-hole solutions of general relativity in 
four dimensions, which are the Schwarzschild and Reissner—Nordstrém black 
holes. The latter black hole is a generalization of the Schwarzschild solution 
that is electrically charged. Another generalization, known as the Kerr 
black hole, is a black hole with angular momentum. Certain black holes 
with angular momentum are considered in Section 11.3. 


Schwarzschild black hole 
The Schwarzschild solution in spherical coordinates 


For a spherically symmetric mass distribution of mass M in four space-time 
dimensions, there is a unique solution to the vacuum Ejinstein’s equations 


Ry =0, (11.3) 


4 In four 


that describes the geometry outside of the mass distribution. 
dimensions it is given by the Schwarzschild black-hole metric, which in 


Schwarzschild coordinates (t, 7,6, ġ) is 





=| 
d? = gwda”da” =- (1- B) di? + (1- E) dr? trao, (11.4) 


r 


where 
ry = 2G4M. (11.5) 


3 The LHC is the Large Hadron Collider at CERN, which is scheduled to start operating in 2007. 

4 The statement that the Schwarzschild black hole is the unique vacuum solution of Einstein’s 
equations in four dimensions with spherical symmetry. Its time independence is known as 
Birkhoff’s theorem. 


11.1 Black holes in general relativity 553 


Here ry is known as the Schwarzschild radius, and G4 is Newton’s constant. 
The metric describing the unit two-sphere is 


dZ = d8? + sin? 6d¢?. (11.6) 


The Schwarzschild metric only depends on the total mass M (which is 
both inertial and gravitational), and it reduces to the Minkowski metric 
as M — 0. Note that t is a time-like coordinate for r > ry and a space-like 
coordinate for r < ry, while the reverse is true for r. The surface r = ry, 
called the event horizon, separates the previous two regions. This metric is 
stationary in the sense that the metric components are independent of the 
Schwarzschild time coordinate t, so that 0/0t is a Killing vector. This Killing 
vector is time-like outside the horizon, null on the horizon, and space-like 
inside the horizon. 

It becomes clear that M has the interpretation of a mass by considering 
the weak field limit, that is, the asymptotic r — oo behavior of Eq. (11.4). In 
this limit we should recover Newtonian gravity. The Newtonian potential 
® in these stationary coordinates can be read off from the tt component of 
the metric 


gu ~ —(1+2®). (11.7) 
As a result, in the case of the Schwarzschild black hole, 
MG, 


r 


=- 





; (11.8) 


so that it becomes clear that the parameter M is the black-hole mass. 


Schwarzschild black hole in D dimensions 


The four-dimensional Schwarzschild metric (11.4) can be generalized to D 
dimensions, where it takes the form 


ds? = —hdt? + h-\dr? + r7dQ2,_., (11.9) 
with 
= ry\D-3 
ete (=) (11.10) 
and 
l6r MG 
D-3 _ D 
i. = Ge ye (11.11) 


5 This is nicely illustrated by considering a massive test particle moving in the curved background. 
This is a homework problem. 
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Here Qn is the volume of a unit n-sphere, namely® 
J (n+1)/2 
n= Tame) 
EES) 
For large r, this again determines the Newton potential and therefore the 
black-hole mass M. 


(11.12) 


The singularities 


As can be seen from Eq. (11.4), the coefficients of the metric become sin- 
gular at r = 0 and also at the Schwarzschild radius r = ry. In general, 
a singularity in a metric component could be a coordinate-dependent phe- 
nomenon. In order to determine whether a physical singularity is present, 
coordinate-independent quantities, that is, scalars, should be analyzed. Such 
a scalar quantity should involve the Riemann tensor. For example, the D = 4 
Schwarzschild solution yields, after a straightforward calculation, 
12r2, 


RPP? Rpg = (11.13) 
r 


This is evidence that the singularity at the horizon r = ry is only a coor- 
dinate singularity, as we will prove shortly, while it proves that a physical 
singularity is located at r = 0. 

For objects that are not black holes, the behavior of the solution at the 
point r = 0 is of no physical relevance, since these objects have a mass 
distribution of finite size, and there is no horizon or singularity. The metric 
describing the sun, for example, is perfectly well defined at r = 0. If, 
however, the mass is concentrated inside the Schwarzschild radius, then the 
singularity at r = 0 becomes relevant, and the resulting solution is called a 
Schwarzschild black hole. 

In general relativity, it is common practice to set Newton’s constant equal 
to unity, G4 = 1, as a choice of length scale. We prefer not to do so, 
both because we are interested in Newton’s constant in various space-time 
dimensions, and because the string scale, rather than Newton’s constant, is 
the natural length scale in string theory. G4, and more generally Gp, are 
related to the string scale, the string coupling, and a (10 — D)-dimensional 
compactification volume V by Gp = Gi9/V and Gio = 879208. 


Schwarzschild solution in Kruskal-Szekeres coordinates 


There are other coordinate systems in which the Schwarzschild solution does 
not even have a coordinate singularity at the horizon. One such coordinate 


6 This can be derived by computing J exp(—r?) d”+1¢ in spherical coordinates and comparing 
to the answer computed in Cartesian coordinates. 
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system, called the Kruskal—Szekeres coordinate system, is related to the 
Schwarzschild coordinates previously introduced by 


T Me t 
u= (= — 1) e”/2™ cosh (=~) R (11.14) 
TH 2rH 


‘ 1/2 t 
v= (= = 1) e’/2"H sinh (+) i (11.15) 
TH 2rH 


In these coordinates the metric takes the form 


4r3 
ao ens 


ds? = —r/ru (—dv? 4+ du”) + rd. (11.16) 


r 


Note that, from Eqs (11.14) and (11.15), it follows that 


u? — v? = (= — e (11.17) 
TH 

Different regions of space-time determined by this metric are represented in 

the Kruskal diagram shown in Fig. 11.2. Equation (11.17) shows that the 

event horizon r = ry corresponds to u = +v, which is represented by a pair 

of solid lines in Fig. 11.2. Equation (11.17) also shows that v? < u? when 

r > ry. The metric in the u,v coordinates can be analytically extended to 





the region in between the horizon and the singularity. In these coordinates 
the curvature singularity at r = 0 corresponds to the hyperbola v? — u? = 1. 
This is a pair of space-like curves represented by dashed lines in Fig. 11.2. 
Thus the space-time is well defined for 


—oo < u < +00 and v <u? +l. (11.18) 


As can be seen from Eq. (11.16), the singularity at the horizon is no longer 
present in these coordinates. 

The Schwarzschild geometry in Kruskal-Szekeres coordinates displays more 
space-time regions than those represented by the original Schwarzschild co- 
ordinates, which are only good for r > ry. The additional regions are 
unphysical in the sense that a physical black hole that forms by collapse 
would only have the future singularity (with u > 0) and not the past one 
(with u < 0). The latter behaves like a time-reversed black hole and is 
sometimes called a white hole. 

The Kruskal-Szekeres coordinates have the additional advantage that 
geodesics take a very simple form. The equation ds = 0 is satisfied by 





lines with the property du = +dv (and fixed position on the two-sphere). 
This means that null geodesics are 45° lines in Fig. 11.2. 
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v 





Fig. 11.2. The Schwarzschild black hole in Kruskal-Szekeres coordinates. The solid 
lines correspond to the horizon, while the dashed lines correspond to the singularity. 
The shaded region describes the part of the diagram in which the Kruskal—Szekeres 
coordinates are well defined. 


For |u| > |v, 





t = ry log =), (11.19) 
u— v 
and so the horizon maps to t = too. It takes an infinite amount of 





Schwarzschild time to reach the horizon, which reflects the fact that the 
horizon is infinitely redshifted for an asymptotic observer. From Fig. 11.2 
one can infer that light rays emitted by a source situated inside the black 
hole, which means inside the horizon but outside the singularity, never es- 
cape to the region outside the black hole. This is the reason why the surface 
r = ry is called the event horizon. In general, such event horizons are null 
hypersurfaces, which means that vectors n, normal to these surfaces satisfy 
n? = 0. In the case at hand, the horizon is a two-sphere of radius ry times 
a null line. In Fig. 11.2, only the null line is shown. It is customary to 
say that the horizon is S$? and leave the null line implicit.’ In particular, it 
follows from Eq. (11.5) that the area of the event horizon is 


A = 4rrå = 16r (MG4}°. (11.20) 


7 There is a theorem to the effect that S? is the only possible horizon topology for a black hole in 
four dimensions. We will see later that there are other possibilities, besides a sphere, in higher 
dimensions. 
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Reissner—Nordstrom black hole 
Reissner—Nordstrom metric in spherical coordinates 


The generalization of the Schwarzschild black hole to one with electric charge 
Q, but no angular momentum, is called the Reissner—Nordstrém black hole. 
Charged black holes play a very special role in string theory, because in some 
cases they are supersymmetric. Thus, by the usual BPS-type reasoning, they 
can provide information about string theory at strong coupling. In four 
dimensions the metric of a Reissner—Nordstr6m black hole can be written in 
the form 


ds? = -A dt? tA de "ane, (11.21) 


where 





2MG 2G 
f 4,4 4 


r2 


A=1 (11.22) 


This metric is a solution to Einstein’s equations in the presence of an electric 
field 


1 
where T is in general the energy-momentum tensor for this field 
1 O 
Too = Fugu = Ine Epo F” ; (11.24) 


Since the problem has spherical symmetry, the only nonvanishing component 
of the U(1) electric field strength is given by the radial component of the 
electric field E, 


Q 


Fir = Er = 3; 
r 


(11.25) 


as is verified in Exercise 11.1. The Reissner—Nordstr6m metric can be gener- 
alized to include magnetic charges as well as electric charges, which results 
in a nonvanishing component Fg. This generalization is described in Exer- 
cise 11.2. 


Singularities 
The metric components in Eq. (11.21) are singular for three values of r. 
The dependence of the function A(r) which illustrates these singularities is 
shown in Fig. 11.3. There is a physical curvature singularity at r = 0, which 
can be verified by computing again the scalar R¥Y’?? Ryvpo. In addition, the 
factor gu in the metric vanishes for 








r=rs = MGı + y (MG14)} — Q?G4, (11.26) 
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Fig. 11.3. Plots of the function A(r) for the Reissner-Nordström black hole 


which are referred to as the inner horizon and the outer horizon. The outer 
horizon, r = r4, is the event horizon in this case. Note that it is only present 
if 


MV/G: > |Q]. (11.27) 


If this bound is not satisfied, then the metric has a naked singularity at r = 0 
that is unshielded by a horizon. According to the cosmic censorship conjec- 
ture, naked singularities should never be produced in physical processes, so 
that these solutions would be unphysical. 


Extremal Reissner—Nordstrom black hole for D = 4 


In the limiting case 


re = MG, or M vy G14 = |Q| (11.28) 





the black hole is called extremal, and it has the maximal charge that is al- 
lowed given its mass, as follows from the bound (11.27). When the Reissner- 
Nordström solution arises as a solution of a supersymmetric theory, the sat- 
uration of this bound is often equivalent to the saturation of a BPS bound, 
which then implies that the extremal Reissner—Nordstr6m black-hole solu- 
tion has some unbroken supersymmetry. 

The metric of an extremal Reissner—Nordstr6m black hole takes the form 


ds? = — (1 = Oy at ds (1 = ae dr? + r2d2, (11.29) 


where ro = MG. Let us shift the definition of r by letting 7 = r — ro and 


11.1 Black holes in general relativity 559 


then dropping the tilde. After some simple algebra this leaves 
-2 2 
d? =- (1+2) a? + (142) (dr? + 17a). (11.30) 


This is a convenient form of the extremal Reissner-Nordström metric in 
which the horizon is located at r = 0. As in the Schwarzschild case, the 
space-time is regular at the horizon, which is again only a coordinate sin- 
gularity. In the near-horizon limit, where r ~ 0, the geometry approaches 
AdS x S?, as is shown in Exercise 11.3. 


Extremal Reissner—Nordstrom black hole for D = 5 


Reissner—Nordstr6m black holes have straightforward generalizations to other 
space-time dimensions. As pointed out in the introduction, an extremal 
Reissner—Nordstr6m black hole in D = 5 is of interest in connection with 
the microscopic derivation of the black-hole entropy. Its metric can be writ- 
ten in a form similar to Eq. (11.29) 


ds? = — h = (2)"] ere h — (2)"] a2 412d. a 


T 


Alternatively, one can define f = \/r? — rê and then drop the tilde to obtain 


a form analogous to Eq. (11.30) 
-2 
Di TO $ 2 To 3 2 2102 
ds? = [1+ (2) | dt? + [1+ (2) | (dr? + 72493). (11.32) 


Using this expression, it is easy to see that the horizon at r = 0 has radius 
ro, and therefore and its area is 


A = Qr? = 2n?r3. (11.33) 


Comparing with Eq. (11.11), the mass and charge (suitably normalized) of 
this black hole are 
Q _ 3nr2 


= JQ;  4Gs5` 





(11.34) 





EXERCISES 





EXERCISE 11.1 
The Reissner-Nordström black hole discussed in Section 11.1 is a solution 
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of Einstein—Maxwell theory 


1 


1 
S= J av= (sak Fw?) : 
The equation of motion and Bianchi identity for the gauge field are 


Vie = /-gF*’) =0, 


1 
eG 

=u ( 
YP 8, Fog = 0. 


Find the most general solution for the gauge field that solves these equations 
for the spherically symmetric background 


ds? = -e40 dt? + 23) dr? +r? dB. 


SOLUTION 


Since F,» is static and spherically symmetric, there are only two independent 
nonvanishing components for the field strength, F;,(r,0,@) and Fog(r, 0, >). 
For the particular metric of this exercise 


J—g = e4* 8? sin 8. 
The nontrivial equation of motion for the electric field is 
ðr (/—gF") = 0, (e4tr? sind - (~e? P F,)) 
= 0; (ee sin OF ty) = 0. 


The most general static solution of this equation is 


2 
r 
The Bianchi identity €””°7 0, Foo = 0, leads to additional constraints, Og Fir = 
0 = 0¢Fir, so that 


Fy, £ e^tB q(0, o) 


A+B 4 
Fr =e iz “9? 


where q is constant. For the values of A and B given in Eq. (11.21), this 
reduces to Eq. (11.25). These values also solve the Einstein equation (11.23). 
The equations of motion for the magnetic field takes the form 


Oo (aR sin or) = 0, 





Os Cais sin oF) =0. 
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The solution to these equations is 
Fog = p(r,t) sin @. 
Taking into account the Bianchi identity, 0,Fo¢g = 0:Fo¢ = 0, one obtains 
Fog = psin 0, 


where p is a constant. This field can then be inserted in the Einstein equation 
to determine the functions A and B. 














EXERCISE 11.2 
Show that the parameters q and p in the previous exercise are electric and 
magnetic charges. 


SOLUTION 


As discussed in Chapter 8, magnetic and electric oe are given by 


Que= qf F=q fw db Fos 
Qazi fri do "ib («Pog 


Inserting Fog = psin@ in the first integral gives sees = p. To evaluate the 
electric charge it is necessary to compute the dual of the electric field: 


(xF )og = v —gF" = @AtB,? sin be 7?4A+B) pr = qsinð. 
Thus Qa = q. 


and 


EXERCISE 11.3 
Show that the near-horizon geometry of a D = 4 extremal Reissner—Nord- 
ström black hole is AdS x S°. 


SOLUTION 
Near the horizon r ~ 0. In this limit Eq. (11.30) becomes 
-2 2 
ds? = — (=) dt? + (2) dr? + r2dQ2. 
r r 
Setting 7 = rêfr, and dropping the tilde, 


ds? = (2y (—dt? + dr?) + 2a. 
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This gives a constant negative curvature in the r and t directions, which is 
AdSə. Similarly, in the angular directions one has a sphere, with constant 
positive curvature. In each case the radius of curvature is rp. As a result, 
the geometry in the near-horizon limit is AdS2 x 9°. This is also known as 











the Bertotti-Robinson metric. 





11.2 Black-hole thermodynamics 
Entropy and temperature 


Classical black holes behave like thermodynamical objects characterized by 
a temperature and an entropy. The microscopic quantum origin of these 
features is addressed in Section 11.4. For now, let us consider the thermo- 
dynamic description, that is, the macroscopic description of black holes. 
Given a static metric, such as the D = 4 Schwarzschild metric Eq. (11.4), 
there is an elementary method of computing the temperature. The key 
point to recall is that a system that has a temperature T = 37! is periodic 
in Euclideanized time 7 = it with period 3. A simple way to understand 
this fact is to recall that a thermodynamic partition function is given by 


Z=Tr (e=) l 


where H is the Hamiltonian of the system. Since quantum mechanical evolu- 
tion by a time interval t is given by e~“”, the trace corresponds to imposing 
a periodicity 8 in Euclidean time. 

The way to determine the temperature of a black hole is to consider its 
analytic continuation to Euclidean time and then to examine the period- 
icity of this coordinate. This period is determined by requiring that the 
Euclideanized metric is regular at the horizon. This may sound like a cook- 
book recipe, but it is by far the easiest way to carry out the computation. It 
can be confirmed in a variety of ways, for example by showing that a black 
hole emits blackbody radiation at the computed temperature. 

In order to examine the vicinity of the horizon, let us define p by 


r=ry(1+ p), (11.35) 


and expand the Euclideanized version of the Schwarzschild metric Eq. (11.4) 
about p = 0. This gives 


dr\2 1 
ds? ~ 4rå (a ' Pl] | 7408). (11.36) 





The first two terms describe a flat plane in polar coordinates provided that 
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the period of 7 is 
B = 4ary = 8rM G4. (11.37) 


Thus the temperature of the Schwarzschild black hole is T = 1/(8rMG4). 
Since the temperature decreases as M increases, the specific heat is negative. 

Very massive black holes are accurately described by classical solutions of 
Einstein’s theory of general relativity. Classically, black holes are stable and 
black, which means that nothing can ever escape from inside the horizon. 
Thus the mass can only increase as matter falls through the horizon. If 
one takes the thermodynamic interpretation of black holes into account, the 
analogy suggests that 


dM = TdS, (11.38) 


where M is the mass of the black hole, T is its temperature and S is the 
black hole’s entropy. The black-hole entropy should be taken into account 
in the second law of thermodynamics, 


dS/dt > 0. (11.39) 


The entropy of black holes added to the entropy of their surroundings always 
has to increase with time. 

For a Schwarzschild black hole, 6 = 1/T = 8nrMG,. Requiring that 
S — 0 as M — 0, to fix an integration constant, one obtains 


S = 4nM?G4. (11.40) 


Bekenstein—Hawking entropy formula 


From Eq. (11.4) it follows that the area A of the event horizon of a Schwarz- 
schild black hole is given by 


A = 4nr%, = 167(MG4)’, (11.41) 
so the entropy can be written in the form 
A 
S=—. 11.42 
1G, (11.42) 


This is one-quarter of the area of the horizon measured in units of the 
Planck length. This relation, known as the Bekenstein—Hawking (BH) en- 
tropy formula, appears to be universally valid (for any black hole in any 
dimension), at least when A is sufficiently large. For an arbitrary (not nec- 
essarily Schwarzschild) black hole in D dimensions, the formula becomes 


A 
= —_ 11.4 
3 4Gp’ ( 3) 
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where A is the volume (usually called the area) of the (D — 2)-dimensional 
horizon. According to this formula, the entropy of a D = 4 Reissner-— 
Nordstrom black hole is 


S = rr? /G4. (11.44) 
For an extremal Reissner—Nordstrém black hole this is S = 7M?G4. 


Hawking radiation 


When an object has a finite temperature, it emits thermal radiation, which 
for a black hole would suggest that its mass should decrease in time. This 
contradicts the known classical behavior, namely that the mass can only 
increase, discussed earlier. This paradox led Hawking to consider quantum 
corrections to the classical description. He argued that the gravitational 
fields at the horizon are strong enough for quantum mechanical pair pro- 
duction in the vicinity of the horizon to lead to the emission of thermal 
radiation. Roughly speaking, one particle in the virtual pair falls into the 
hole, and the other one is emitted as a physical on-shell particle. For large 
black holes, this can be demonstrated reliably using quantum field theory in 
a classical curved space-time background geometry. Since gravity is treated 
classically, the black hole has to be big for this analysis to be reliable. In this 
way, Hawking argued that a black hole emits radiation, and as a consequence 
it loses mass. The outgoing radiation is thermal, when back-reaction can 
be neglected. Thus, the black hole behaves as if it were a black body with 
the temperature computed earlier. The classical statement that nothing can 
escape from a black hole is undermined by quantum effects. The fact that 
the entropy of the black hole decreases when Hawking radiation is emitted 
is consistent with the second law of thermodynamics when the entropy of 
the emitted radiation is taken into account. 


Pure states and mixed states 


Hawking has argued that quantum mechanics breaks down when gravity is 
taken into account. First, by a semi-classical analysis, he argued that black 
holes emit thermal radiation at a temperature determined by the parameters 
of the black hole (mass, charge, and angular momentum). Such radiation 
has no correlations, and therefore is in a mixed state, characterized by a 
density matrix. On the other hand, a collapsing shell of matter that forms a 
black hole can be in a pure quantum state. Thus, he argued, pure states can 
evolve into mixed states in a quantum theory of gravity. This contradicts 
the basic tenet of unitary evolution in quantum mechanics, and it is referred 
to as information loss or loss of quantum coherence. 
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The AdS/CFT conjecture, described in Chapter 12, certainly would ap- 
pear to contradict this reasoning, since the AdS space in which black holes 
can form is dual to a unitary conformal field theory. Thus string solutions, 
at least ones that are asymptotically AdS, probably provide counterexam- 
ples to Hawking’s claim. That said, it should be admitted that it is an 
extremely subtle matter to explain in detail where Hawking’s argument for 
information loss breaks down. This question has been discussed extensively 
in the literature, but it is not yet completely settled. 


EXERCISE 11.4 
Show that the temperature of a D = 4 Reissner—Nordstr6m black hole is 


(MG)? — Q°G4 
Dre. ` 








T= 
What happens to this temperature in the extremal limit? 


SOLUTION 


Using the same reasoning as in Section 11.2, we set r = r4 (1+p°) and expand 
the Euclideanized metric of the Reissner—Nordstr6m black hole about p = 0 
to get 








4r3 —r_)dr\? —r_ 
ds2 — r ja ' p (= : ) *) ie T+ r dQ? 
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The value of 8 that follows from this expression is 


Arr? 
p=, 
Toe Fe 
which leads to a temperature 
p- V(MG4)? — Q?G4 
Arr? 2rr? i 








In the extremal limit, MVG, = |Q], this gives a vanishing temperature 
T=0. Oo 





EXERCISE 11.5 

Estimate the Schwarzschild radius, temperature, and entropy of a one solar 
mass Schwarzschild black hole. Estimate its lifetime due to the emission of 
Hawking radiation. The sun has a mass of M = 2.0 x 10°%g. 
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SOLUTION 


Reinstating h, c and kg by dimensional analysis, in order to express these 
quantities in ordinary units, gives 





2G4M s he = 
= ~ 3.0 x 10m, “T= ———— ~6.0 x 1078K, 
e ERAAN MEE - 
A TRE GM? 








S = — = ~1.0x10”, At~ ~ 1066 l 
Ga Gh å ahe VERE 





The value of the coefficient a is about 107°. o 
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This section considers supersymmetric (and hence extremal) black holes 
that have finite entropy in the supergravity approximation. These include 
three-charge black holes in five dimensions and four-charge black holes in 
four dimensions, which can be interpreted as approximations to solutions 
of toroidally compactified string theory. For this class of compactifications, 
finite-horizon-area black-hole solutions that are asymptotically flat only exist 
in the supergravity approximation in four and five dimensions. The reason 
for this can be explained by referring to the extremal Reissner-Nordström 
solutions given in Eqs (11.30) and (11.32). In each case the coefficient of 
dr? takes the form 
2 


Irr = (1 + (ro/r)P P= (11.45) 


This behaves near the horizon (r = 0) like grr ~ (ro/r)?, which is necessary 
to obtain a finite horizon radius and area. It appears that constructions 
obtained by string-theory or M-theory compactification always give an outer 
exponent that is a positive integer. This can only correspond to 2/(D — 3) 
if D = 4 or D = 5. In the multi-charge examples that are discussed in this 
section, the expression 1+ (ro/r)P~? is replaced by a product of factors that 
can have different radii, but the same conclusion still applies. 

For all other supersymmetric black holes, including any supersymmetric 
solution for D > 5, the horizon has zero radius in the supergravity approxi- 
mation. To obtain a nonzero radius in these cases, it is necessary to include 
stringy corrections, that is, corrections to the Einstein—Hilbert action that 
are higher order in the curvature tensor. This is discussed in Section 11.6. 
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Extremal three-charge black holes for D=5 


The simplest nontrivial example for which the entropy can be calculated 
involves supersymmetric black holes in five dimensions that carry three dif- 
ferent kinds of charges. These can be studied in the context of compactifi- 
cations of the type IIB superstring theory on a five-torus T°. The analysis 
is carried out in the approximation that five of the ten dimensions of the 
IIB theory are sufficiently small and the black holes are sufficiently large so 
that a five-dimensional supergravity analysis can be used. 


N =8 supergravity for D=5 

The supergravity theory in question is M = 8 supergravity in five dimen- 
sions. This contains a number of one-form and two-form gauge fields. How- 
ever, by duality transformations, the two-forms can be replaced by one- 
forms. Once this is done, the resulting theory contains 27 U(1) gauge fields. 
Furthermore, the theory has a noncompact Ee, global U-duality symme- 
try. The 27 U(1) s belong to the fundamental 27 representation of this 
group. Therefore, a charged black hole in this theory can carry 27 different 
types of electric charges. Some of these electric charges can be realized by 
wrapping branes and exciting Kaluza—Klein excitations. A specific example 
is discussed below. 


The black-hole solution 


Three-charge black holes in five dimensions can be obtained by taking Qı D1- 
branes wrapped on an S$! of radius R inside the T°, Qs D5-branes wrapped 
on the T°? = T4x S}, and n units of Kaluza—Klein momentum along the same 
circle. Each of these objects breaks half of the supersymmetry, so altogether 
7/8 of the supersymmetry is broken, and one is left with solutions that have 
four conserved supercharges. Other equivalent string-theoretic constructions 
of these black-hole solutions are related to the one considered here by U- 
duality transformations. Some examples are given later. 

There are a variety of ways to analyze this system. One of them is in terms 
of a five-dimensional gauge theory. Since the Qı D1-branes are embedded 
inside the Qs D5-branes, this configuration can be described entirely in 
terms of the U(Qs) world-volume gauge theory of the D5-branes. In this 
description a D-string wound on a circle is described by a U (Q5) instanton 
that is localized in the other four directions. So, altogether, there are Qı 
such instantons. The Kaluza—Klein momentum can also be described as 
excitations in this gauge theory. 


8 In the supergravity approximation it is a continuous symmetry. 
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The five-dimensional metric describing this black-hole can be obtained 
from the ten-dimensional type IIB theory by wrapping the corresponding 
branes as described above, or it can be constructed directly. In either case, 
the resulting metric can be written in Einstein frame in the form 


ds? = —\~7/3q4? + A3 (dr? + r7d2) , (11.46) 


where 
iT] i+ (51 (11.47) 
i=1 


The relation between the parameters r; and the charges Q; is derived below. 
This solution describes an extremal three-charge black hole with a vanish- 
ing temperature T = 0. Note that this formula reduces to the extremal 
Reissner—Nordstr6m black-hole metric given in Eq. (11.32) in the special 
case rı = r2 = r3, that is, when the three charges are equal. The dilaton 
is a constant, so there is a globally well defined string coupling constant gs. 
Thus, the string-frame metric differs from the one given above only by a 
constant factor. 

The horizon of the black hole in Eq. (11.46) is located at r = 0, and its 
area is 


A = 2n*ryrers. (11.48) 


This vanishes when any of the three charges vanishes, which is the reason 
that three charges have been considered in the first place. Put differently, 
one needs to break 7/8 of the supersymmetry in order to form a horizon 
that has finite area in the supergravity approximation, and this requires 
introducing three different kinds of excitations. When there is only one or 
two nonzero charges, there still is a horizon of finite area, but its depen- 
dence on the string scale is such that its area vanishes in the supergravity 
approximation. For the supergravity approximation to string theory to be 
valid, it is necessary that the geometry is slowly varying at the string scale. 
This requires r; >> és. 


The black hole mass 


Using Eq. (11.11) one can read off the mass of the black hole M to be 


2 


Tri 
= 11.49 
IC: (11.49) 


The fact that the masses are additive in this way is a consequence of the 





M = Mı + Mə + M3 where, M; = 


form of the metric. However, this had to be the case, because the BPS 
condition is satisfied, and the charges are additive. 
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To express the result for r; in terms of ten-dimensional quantities, the 
value of Gs needs to be determined. Letting (27)*V denote the volume of 
the Tt and R be the radius of the St one obtains 

Gio 


Cs = SRV 


(11.50) 


As explained in Chapter 8, Gio = 87°92¢8 is the 10-dimensional Newton 
constant in string units. Putting these facts together gives the relation 
get 
p= 
a 


The masses M; can be computed at weak string coupling using string- 





(11.51) 


theoretic considerations, namely the formulas for the mass of winding and 
momentum modes derived in Chapter 7. In the string frame, the masses are 


Mı =2nRTp1Q: = YF, 


M2 = (27)°RVTpsQ5 = L, (11.52) 
Ms =%. 


Here Qı and Qs are the numbers of wrapped D1-branes and D5-branes, 
respectively, and hence the values of the corresponding charges. Similarly, 
n is the integer that specifies momentum on the circle. 

The quantities Tpı and Tps are the tensions of a single Dl-brane and 
D5-brane given in Chapter 6. Using these relations, the conditions r? > (2 


become 
2 





R 
9sQ5>>1, gen> 


r (11.53) 


9sQ1 > 2 
S 
If R and V are of order string scale, and one wants gs < 1, so as to be in 
the perturbative string theory regime, then all three charges must be large. 
Since the effective expansion parameters in string perturbation theory are 
actually g,Q1 and gsQ5,’ this takes one out of the perturbative regime. On 
the other hand, when the couplings are small, the mass and the spectrum 

of excitations can be computed by string-theoretic considerations. 

The crucial fact is that supersymmetry allows us to extrapolate certain 
properties from weak coupling to strong coupling reliably, so that results 
that are obtained in the two limits can be compared meaningfully. The 
property of this type that is of most interest is the number of quantum 


9 These correspond to the ’t Hooft couplings in the corresponding large-N world-volume gauge 
theories. 
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states. It is computed in weakly coupled string theory and compared to 
the classical entropy, which is meaningful for strong coupling. This type of 
reasoning could break down if short supermultiplets join up to give a long 
supermultiplet. Strictly speaking, the quantity that can be continued safely 
from weak coupling to strong coupling is an index, which typically counts 
the number of bosonic states minus the number of fermionic states, whereas 
the entropy is the logarithm of the sum of these numbers. Usually, this 
distinction can be ignored. 


The entropy 
Using Eqs (11.48), (11.50) and (11.51), one finds that the entropy is 


ee LLL aT sy, (11.54) 
4Gs Rye ee | 


Using the relations in (11.52) to re-express this in terms of the charges, one 





obtains the elegant result 


S= 27 Q1Q5n. (11.55) 


As was mentioned earlier, there are 27 possible electric charges, and this 
is the result when only a specific three of them are nonzero. The charges 
transform as a 27 representation of the noncompact Ee, symmetry group 
of N = 8 supergravity in D = 5. The entropy should be invariant under 
this symmetry group.!? In other words, there should be an Ee, invariant A 
that is cubic in the 27 electric charges such that the entropy takes the form 


S = 27VA. (11.56) 


The invariant A generalizes the factor Q1Qs5n appearing in Eq. (11.55). 
The construction of the cubic invariant is relatively simple in this case. 
The 27 representation is also an irreducible representation of the maximal 
compact subgroup USp(8). That group has a unique cubic invariant, which 
therefore must also be the Ee, invariant. In the case of five dimensions the 
central charge matrix Zp is a real antisymmetric 8 x 8 matrix that is also 
symplectic traceless. This means that, given a symplectic matrix QAB, one 
has tr(QZ) = 0.1! This is one real condition, so Z contains 27 independent 
real charges, as expected. The unique cubic invariant with manifest U S'p(8) 


10 Stringy corrections to the formula need only be invariant under the discrete Eg(Z) U-duality 
subgroup. 

11 We can choose Q4p to be the antisymmetric matrix whose nonzero matrix elements with 
A < B are Q12 = 034 = N56 = Q7g = 1. A symplectic matrix A satisfies ATNA = Q. 
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symmetry is 


1 
A = —tr(029202), (11.57) 


where the normalization is chosen for later convenience. 

By a transformation of the form, Z — ATZA, where A is a symplectic 
matrix,!* the matrix Z4p can be brought to a canonical form in which its 
only nonzero entries for A < B are Z12 = £1, 234 = £2, Z5g = 13, Z7g = LA, 
where 5) x; = 0 and the z; s are real. A symmetric way of writing this is 


zı = Qı — Q2 — Q3, z2 = -Qı + Q2 — Qs, 





x3 = -Qı — Q2 + Q3, z4 = Qı + Q2 + Q3. (11.58) 


If one evaluates A for these choices, one finds the desired result: 


A= = D = Q1Q2Q3. (11.59) 


Thus, up to a change of basis, the three-charge solution is completely general. 


Duality and other black-hole configurations 


Three-charge supersymmetric black holes in five dimensions have been de- 
scribed above as D1-D5-P bound states in the toroidally compactified type 
IIB theory. Here D1 refers to the Qı Dl-branes wrapped on a yt! circle, 
D5 refers to the Qs D5-branes wrapped on the y! -- -yë torus, and P refers 
to the n units of Kaluza-Klein momentum on the y! circle. Using the var- 
ious possible S and T dualities that exist for type II theories, this brane 
configuration can be related to various dual configurations describing black 
holes that have an entropy given by Eq. (11.55), with the corresponding 
charges of the dual brane configuration. For example, an S-duality transfor- 
mation replaces the D1-branes by F1-branes (fundamental strings) and the 
D5-branes by NS5-branes. The Kaluza-Klein momenta P are unaffected. 
Alternatively, a T-duality transformation along the y! direction maps the 
type IIB configuration to a type IIA configuration with the D1-branes map- 
ping to D0-branes and the D5-branes mapping to D4-branes. Moreover, the 
Kaluza—Klein momentum maps to an F1-brane wrapped n times on the dual 
y! circle. Further T dualities give a host of other equivalent type IIA and 
type IIB configurations. Exercise 11.6 works out an example of such a dual 
description. 


12 This is appropriate, because USp(8) is the automorphism group of the M = 8, D = 5 super- 
symmetry algebra. 
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M-theory interpretation 


Starting from the Type IIA configuration described above, one can carry out 
two more T-duality transformations along the y? and y directions to obtain 
a type IIA configuration consisting of Qı D2-branes wrapped on y? and y?, 
Qs D2-branes wrapped on y* and y° and n fundamental strings wrapped on 
y'. This configuration can be interpreted at strong coupling as M-theory 
compactified on a 6-torus. Calling the M-theory circle coordinate yf, the n 
fundamental type IIA strings are then identified as n M2-branes wrapped 
on the y! and yf circles. The two sets of D2-branes are then identified as 
sets of M2-branes. Altogether, there are three sets of M2-branes wrapped 
on three orthogonal tori. This is a satisfying picture in that it puts the 
three sources of charges on a symmetrical footing, which nicely accounts for 
their symmetrical appearance in the entropy formula. The verification that 
this brane configuration gives the same entropy as before is a homework 
problem. 


Nonextremal three-charge black holes for D=5 


The extremal three-charge black-hole solutions in five dimensions given 
above have nonextremal generalizations, which describe nonsupersymmetric 
black holes with finite temperature. These black holes are described by the 
metric 


2 
ds? = —h 2/3 qt? + 1/3 (+ + ach) (11.60) 
where 
r2 
h=1- 2 (11.61) 
r 
and 


3 A2 
ah E with r?=r2sinh? a; i=1,2,3. (11.62) 


i=l 


This reduces to the extremal metric in Eq. (11.46) in the limit ro —> 0 
with r; held fixed. Moreover, the limit a; — 0 with ro held fixed gives the 
Schwarzschild metric in five dimensions given in Eq. (11.9). 

The mass of this black hole can be read off using the same rules as before 
resulting in 


2 


M= s (cosh 2a1 + cosh 2a2 + cosh 2a3) . (11.63) 
5 
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The inclusion of the factor h in the metric shifts the position of the event 
horizon from r = 0 to r = rọ. At the horizon the factor A takes the value 


3 
A(ro) = II cosh? aj. (11.64) 
i=1 


The radial size of the horizon is 
ru = ro [A(ro)}'/®, (11.65) 
and thus the area of the horizon is 
A = 2r°r} = 203 cosh ay cosh a2 cosh a3. (11.66) 
The entropy is then given by 


_ A _ mrve 
4G B 





cosh a1 cosh az cosh az. (11.67) 


To convert to string units, one would replace ae by 922. 

These formulas have a suggestive interpretation. Let us imagine that, 
in addition to there being Qı D1-branes wrapping the y! circle, there are 
also Q, anti-D1-branes wrapping the same circle. Similarly, anti-D5-branes 
and right-moving Kaluza—Klein excitations can be introduced. Then the net 
charge in each case is 


0:=Q:-Q, 1=1,2,3. (11.68) 


The three types of electric charge have Qi ~ sinh 2a;. By identifying Qi ~ 
exp(2a;) and Q; ~ exp(—2a;) one interprets the net charge as a difference of 
brane and antibrane contributions and the expression for M; ~ cosh 2a; as 
the sum of brane and antibrane contributions. This also allows the entropy 
in Eq. (11.67) to be rewritten in form 


A : = 


a 


which is a nice generalization of Eq. (11.55). 


Rotating supersymmetric black holes for D = 5 


In five dimensions it is possible for a three-charge black hole to rotate and 
still be supersymmetric.!® This is not possible in four dimensions, where all 


13 A rotating time-independent black-hole solution in four dimensions is known as a Kerr black 
hole. The solution under consideration here is quite different from that one. 
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rotating black holes, even extremal ones, are not supersymmetric. The key is 
to note that the rotation group in five dimensions is SO(4) ~ SU(2) x SU(2). 
Supersymmetry requires restricting the rotation to one of the two SU(2) fac- 
tors, which corresponds to simultaneous rotation, with equal angular mo- 
mentum, in two orthogonal planes. There are more general ways in which a 
five-dimensional black hole can rotate, of course, but this is the only one that 
is supersymmetric. It preserves 1/8 of the original 32 supersymmetries, just 
like the previous examples. To describe this case, let us introduce angular 
coordinates as follows: 


r! = rcosĝ cosy, g? =rcos@siny, (11.70) 
r? =rsinĝ cos, «+ =rsin@sing. (11.71) 

Then 
dx'da' = dr? + r*d03 (11.72) 


describes Euclidean space for 
d02 = d0? + sin? 0de? +cos? 0dy?, 0<O0< 1/2, 0< ¢,~ < 2r. (11.73) 


The metric of the desired supersymmetric rotating black hole is a relatively 
simple generalization of Eq. (11.46) 


ds? = —\7?/ (at — 5 sin? Odo + 5 cos? ody) FAS (dr? + 12d) , 

" : (11.74) 
where A is again given by Eq. (11.47). This metric describes simultaneous 
rotation in the 12 and 34 planes. The parameter a is related to J12 = J34 = J 
by 


=. TA 
AGS” 


The area of the horizon at r = 0, and hence the entropy, is computed in 


(11.75) 


Exercise 11.7 and shown to be 


ean OY (aaa ch (11.76) 


AG's 


Extremal four-charge black holes for D=4 
The metric and entropy 


The construction of supersymmetric black holes in four dimensions is quite 
similar to the five-dimensional case. Before proposing a specific brane real- 
ization, let us write down the metric and explore its properties. The analog 
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of Eq. (11.46) is 
ds? = —\- Ve? + A"? (dr? + r2a2) , (11.77) 
where 
4 ri 
ao (11.78) 


This reduces to Eq. (11.30) when all four r; are equal. We can read off the 
mass of the black hole from the large distance behavior of gu using Eqs (11.7) 
and (11.8). The result is 


Ti 


4G4 





M= M; with Mi= (11.79) 


The area of the horizon, which is located at r = 0, is 


A = 4T, /TIT2r3T4. (11.80) 


Putting these facts together, the resulting entropy is 
A 
= = 167G4./ Mı Mə M3 M4. (11.81) 
4G4 


Type IIA brane construction 


It still remains to relate the four masses to four electric (or magnetic) 
charges. This requires some sort of brane construction involving four types 
of branes or excitations. To be specific, let us consider the type IIA theory 
compactified on a six torus that is a product of six circles with coordinates 
y',...,y® and radii R1,..., Rẹ. A brane configuration that preserves 1/8 of 
the M = 8 supersymmetry, and therefore is suitable, is the following: Qı 
D2-branes wrapped on the yt and y® circles, Q2 D6-branes wrapped on all 
six circles, Q3 NS5-branes wrapped on the first five circles, and Q4 units of 
Kaluza—Klein momentum on the first circle. The masses that correspond to 
these types of excitations are 


Mı = (27R1)(27R6)Tp2Q1 = qe (Ri Re)Q1, 


Mz = (2r R1): -- (27R6)TpeQ2 = ae +» Re)Q2, 
(11.82) 


M3 = (27R1)--- (27R5)Tns5Q3 = gee (Ri --- R5)Q3, 


gs £ 


Mı = E Qa. 


576 Black holes in string theory 
Inserting these masses into the entropy formula given above and using 


Gio CAG 
Ga (2r R1) eA (27 Re) 8Rı sy Re ( ) 





yields the final formula for the entropy 


S= 27 / Q1Q2Q3Q4. (11.84) 


This result bears a striking resemblance to Eq. (11.55). 


Dual brane configurations 


As in the five-dimensional three-charge case, there are many other equivalent 
brane configurations that are related by various S- and T-duality transforma- 
tions, and Eq. (11.84) applies to all of them. For example, a T-duality along 
directions 1,2,3 gives a type IIB configuration. Following this by an S-duality 
gives a type IIB configuration that has Qı D3-branes wrapping directions 
2,3,6, Q2 D3-branes wrapping directions 4,5,6, Q3 D5-branes wrapping di- 
rections 1-5, and Q4 D1-branes wrapping direction 1. A further T-duality 
along direction 6 gives a type IIA configuration consisting of three sets of 
D2-branes wrapping orthogonal two-tori and a set of D6-branes wrapping 
the entire 6-torus. 


N =8 supergravity in D = 4 

The effective four-dimensional theory in this case is M = 8 supergravity, 
which has a noncompact Ey, duality group. This is a continuous symmetry 
in the supergravity approximation, though it is broken to the infinite discrete 
U-duality group E7(Z) by string theory corrections. Since we are working in 
the supergravity approximation, the entropy of extremal black holes should 
be invariant under the continuous symmetry group. Writing the entropy 
in the form S = 27VA, we found A = Q,Q2Q3Quz for a certain specific 
four-charge black hole in Eq. (11.84). We can use group theory to figure out 
how this should generalize. 

N = 8 supergravity has 28 U(1) gauge fields. There are therefore 28 
distinct electric and magnetic charges that a black hole can carry. These 
charges form a 56 representation of the 7,7 duality group. There is a 
unique /7,7-symmetric quartic invariant that can be constructed out of these 
charges, and the product Q1;Q2Q3Q4 corresponds to a special case of that 
invariant. The way this works is as follows: The matrix of central charges 
is an 8 x 8 complex antisymmetric matrix 


ZAB = (AB + iPAB, (11.85) 
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where the qag denote the 28 electric charges and the pag denote the 28 
magnetic charges. The invariant A is a quartic expression in these central 
charges. The £7,7 duality group has an SU(8) subgroup, which can be made 
manifest. Subscripts A, B label an 8 and superscripts label an 8 of SU(8). 
Thus the complex conjugate of the central charge is denoted Ber. Now 
consider the formula 


EA aot 1 = pes 
A=tr(ZZZ2)- 3 (trZZ)” +4(PfZ + PfZ), (11.86) 
where the Pfaffian is 
1 
PLZ = poe" ZanZon Zar Zan: (11.87) 


Each of the terms in Eq. (11.86) has manifest SU(8) symmetry. The claim 
is that this particular combination is the unique one (up to normalization) 
for which this extends to E7,7 symmetry. 

By a transformation of the form Z — U’ ZU, where U is a unitary ma- 
trix,!4 Z can be brought to a canonical form in which the only nonzero 
entries (with A< B) are 21 = Zij 22 = Z3, 23 = 456, 24 = L78- The zs 
are complex, in general. In this basis one has 


a= alt (> lai?) + 8Re(21222571). (11.88) 


As a matter of fact, by an SU(8) transformation, it is possible to remove 
three phases. So, for example, all four z; could be chosen to have the same 
phase or else three of the z; could be chosen to be real. Thus, the five-charge 
case discussed below, is the generating solution for the arbitrary case in the 
same sense that the three-charge solution was in five dimensions. 

To make contact with the four-charge black hole considered previously, 
all four z; can be chosen to be real in order to give four electric charges. For 
the specific choices 


1 
zi 








Qi + Q2 + Q3 4+ Qa), ga 


7(@1 + Q2 — Q3 — Qa), 


ZL = 


a= HQ -Q2 +Q3-Q4), a= F(@1—Q2—Qs+Qu), (11.89) 


one finds after some algebra that A = Q1Q2Q3Q1 in agreement with what 
we found earlier by other methods. 


14 This is appropriate because U(8) is the automorphism group of the NV = 8, D = 4 supersym- 
metry algebra. 
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Five-charge configuration 


It is possible to add P} DO-branes to the D2-D2-D2-D6 configuration de- 
scribed above without breaking any additional supersymmetry. The result- 
ing 5-charge configuration differs from the configurations considered so far 
in an important respect. Namely, a D0-brane and a wrapped D6-brane are 
mutually nonlocal. In other words, they are electric and magnetic with re- 
spect to the same gauge field. Let us not attempt to write down the solution 
that describes such a black hole. It is given by an Ey, transformation of the 
solution that we presented. Rather, let us simply note that the Ey quartic 
invariant can be evaluated for all possible choices of electric and magnetic 
charges, so it is simply a matter of reading off what it gives. To do this we 
should simply replace Qı — Qı +iP; in each of the four z;s and re-evaluate 
A. After some algebra one finds that Eq. (11.88) gives 


A = Q1Q2Q3Q4 — FPPQH. (11.90) 


Thus 





S= 2ny/Q1Q20s0s z TPQ. (11.91) 


If one chooses to make the more common convention of calling D0-branes 
electrically charged and D6-branes magnetically charged, then we should 
make an electric-magnetic duality transformation, which amounts to re- 
naming the charges as follows: Qı = P and P) = —Qo. Written this way, 
the entropy takes the form 





S= amy] PIQ2Q3Q = 1 PQR, (11.92) 


The 4d/5d connection 


The astute reader may have noticed a resemblance between the entropy 
of a rotating black hole in five dimensions, given in Eq. (11.76), and the 
four-dimensional entropy describing a four-charge black hole Eq. (11.92). 
Specifically, the two formulas agree if one sets Pp = 1 and makes the identi- 
fication J = Qo/2. This turns out to be more than a coincidence. Without 
going into the mathematical details, let us explain qualitatively how this 
comes about. 

Since the four-dimensional black hole has Py = 1, there is one D6-brane. 
In Chapter 8 it was explained that a D6-brane of the type IIA theory is a 
higher-dimensional analog of a Kaluza—Klein monopole. This means that, 
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from the 11-dimensional M-theory perspective, the four dimensions trans- 
verse to the brane form the Taub-NUT geometry 


R 
OF ss 
dspy = (1 + z) (dr? + r?dQ3) 


-1 
+ (1 + =) (dy + Rsin?(0/2) dé)”. (11.93) 


This geometry can be visualized as analogous to a cigar with the D6-brane 
localized to the region near the tip. Far from the tip of the cigar, the 
geometry looks like R3 x S', where the circle is the M-theory circle, which in 
type ITA units has radius R = gsfs. The fact that the number of DO-branes 
is Qo means that there are Qo units of momentum around the M-theory 
circle. On the other hand, near the tip of the cigar the geometry would be 
nonsingular and look like R4 if there were no other branes in the problem. 
However, their presence makes the story more complicated. 

Now consider the strong-coupling limit of the previous four-dimensional 
picture. In this limit the radius of the M-theory circle approaches infinity, 
and the Taub-NUT geometry approaches flat R4 far from the origin. How- 
ever, near the origin there is a five-dimensional black hole. The Qo units of 
momentum around the M-theory circle are still present, but now as angular 
momentum Jı2 = J34 = Qo/2 about the origin, which was the tip of the 
cigar. In the limit one is left with a five-dimensional black hole with M2- 
brane charges Q1, Q2, Q3 and J = Jig = J34. Since the entropy does not 
depend on the string coupling constant, which controls the size of the M- 
theory circle, its value must be the same for the four- and five-dimensional 
black holes, which is what we found. 





EXERCISES 





EXERCISE 11.6 

Verify that the D0-D4-F1 realization of the black hole discussed in Sec- 
tion 11.3 has entropy given by Eq. (11.55), with the charges replaced by the 
charges of the dual configuration. 


SOLUTION 


Consider Qo D0-branes, Q4 D4-branes wrapping the T4, which has a volume 


580 Black holes in string theory 


(27)4V, and Qı Fl-branes wrapping the y! circle, which has radius R. This 
leads to the masses 


20 py 


Qi 
Ms = 
gsls ? ? (2r)tgs& 


M 
i 27l2 


(27)*V, M= 2T R. 





Inserting this into the expression for the entropy Eq. (11.54) gives 


A Qrgt4 
s= — = 5 \/ Mı Mə M3 = 2r : 
IG; ~ VRV y Mı Mə M3 V Q0Q4Q1 


Comparison of this formula with Eq. (11.55) shows that the D0-D4-F1 sys- 
tem gives the same entropy for Qo = Q1, Qa = Qs and Qı = n, which is 
what we wanted to show. 





Note that the various dualities that relate the different brane descriptions 
of the black hole do not change the five-dimensional metric except by an 
overall constant factor. Such a factor has no bearing on the computation of 
the entropy, which is dimensionless. 














EXERCISE 11.7 
Compute the area of the horizon of the rotating black hole described in 
Section 11.3 and deduce its entropy. 


SOLUTION 


In the near-horizon limit r ~ 0 and constant t the metric Eq. (11.74) reduces 
to 


ds? = R? dQ? — (a/R*)? (cos? Ody) — sin? bdo)? 
= R?d6? + R? (cos 0 sin 0)? (de + dy)? + (R? — (a/R?)”)(cos? Ody) — sin? 6d¢)?, 


where 


R? = (ryrer3)?/. 


The easiest way to compute the area of the horizon described by this metric 
is to define the orthonormal one-forms 


e1 = Rd, 
eg = R cossin O(do + dip), 


e3 = y R? — (a/R?)?(cos? Ody — sin? 6d¢). 
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Then the area of the horizon obtained from this metric is given by 
A= Ja Mez Aes = Rèy R2 — (JRPP [cose sin 6a A do ^ dy 


= In? \/(rirer3)2 — a2. 
Using this result, 


A 
S=—=2 — J?, 
tae aN QiQsn 
where the angular momentum J is related to the parameter a by 
Ta 


= 4G; 


If a > rır2r3, the black hole is over-rotating, and the geometry has a naked 











singularity, at least in the supergravity approximation. 





EXERCISE 11.8 

Consider the dual configuration of the D = 4 extremal four-charge black 
described in Section 11.3. Show that this gives the entropy in Eq. (11.84), 
with the charges replaced by the charges of the dual configuration. 


SOLUTION 


The dual configuration has three sets of D2-branes and one set of D6-branes. 
The associated masses are 





RoR RiR 
Mı = (2r Rə) (2r R3) Tp2 = a, M= 4 ks Qn, 
9sts Ost: 
fat R -R 
r pE 22 Mg = (27) (Rı +: Re)Tpe Po = ar Pe 


Therefore, the entropy is 


A a 
os ace 16r — 1s _ Mı MM3 M4 = 2r V Q1Q2Q3Po, 


Sipe Re 
which reproduces Eq. (11.84). 














EXERCISE 11.9 

Construct the nonextremal generalization of the four-charge black hole by 
analogy with the construction given for nonextremal black holes in five di- 
mensions. Interpret the masses, charges, and entropy in terms of branes and 
antibranes, as was done in the five-dimensional case. 
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The formulas analogous to Eqs (11.60) — (11.62) for D = 4 black holes take 
the form 


d? = -X (1-2) a +a (1 a oy gr? + rash) ; 


4 P 42 
ro sinh* a; 
a= (14 2). 
i=l 


We can then extract the values of the masses in the usual way, 


4 4 
TO ; 2 ro ro 
M = —~ X sinh?’ a; + -> = == > cosh 2a; 
4G, = Sın Qi G4 8G, 2 COS Qi, 


which gives 


h 2a; 
a ro cosh 2a; 
8G4 
The outer horizon, located at r = ro, has an area 
4 
A=4rr II cosh aj. 
i=1 


This result can be interpreted as signaling the presence of Q; antibranes in 
addition to the Q; branes. Identifying Q; ~ exp(—2a;) and Q; ~ exp(2a;), 
we see that the result for the mass comes from the sum of the masses of the 
branes and the antibranes, while the net charge comes from the difference 


Qi = Qi — Q 
The result for the entropy can then be written in terms of these charges 


A 


4 
S= IG, = nT ](v@,+ V0. 





11.4 Statistical derivation of the entropy 
Extremal black holes 


Now let us turn to the microscopical derivation of the entropy of the three- 
charge supersymmetric black hole in five dimensions. The four-charge su- 
persymmetric black hole in four dimensions can be analyzed in a similar 
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manner, but that is left as a homework problem. The derivation was first 
given by Strominger and Vafa in the context of type IIB compactifications 
on K3~x S1. The discussion that follows analyzes the somewhat simpler case 
of the toroidal compactification described in Section 11.3. The analysis can 
be carried out either for the D1-D5-P system or for the S-dual F1-NS5-P 
system. For definiteness, the discussion that follows refers to the former 
set-up. 

The fact that there are Qı units of charge associated with D1-branes 
means that there are Qı windings of D1-branes around the circle. However, 
the way this is achieved has not been specified. The two extreme possibil- 
ities are (1) there are Q; D1-branes each of which wraps around the circle 
once and (2) there is a single Dl-brane that wraps around the circle Q1 
times. Altogether, the distinct possibilities correspond to the partitions of 
Qı. When there is more than one D1-brane, it is important that they form 
a bound state in order to give a single black hole. The Qs units of D5-brane 
charge also can be realized in various ways. In all cases, one wants the D1- 
D5-P system to form a bound state, so that one ends up with a localized 
object in the noncompact dimensions. 

The low-energy physics of these bound states is described by an orbifold 
conformal field theory that is defined on the circle of radius R. The fields 
in the conformal field theory correspond to the zero modes of open strings 
that connect the D1-branes to the D5-branes. There are Q1Qs5 distinct such 
strings, since each strand of D1-branes can connect to each strand of D5- 
branes. That is the picture locally. However, imagine displacing this (small) 
connecting string repeatedly around the circle. If there is a single multiply 
wound D1-brane and a single multiply wound D5-brane (along the circle), 
and if Qı and Qs have no common factors, then one must go around the 
circle QiQs5 times to get back to where one started. Thus, the excitations 
of this system are the same as what one gets from having a single string 
wound around the circle Q1Qs5 times. Since this string is localized in the 
noncompact dimensions, the only bosonic zero modes in its world-volume 
theory correspond to its position in the four transverse compact dimensions. 
Since the system is supersymmetric, there must therefore be four boson and 
four fermion zero modes on the string world volume. 

The system described above can be represented as an orbifold conformal 
field theory that is obtained by taking the tensor product of Q1Qs5 theo- 
ries describing singly wound strings and then modding out by all of their 
(Q1Qs)! permutations. This orbifold theory has many twisted sectors,!° and 


15 They are given by the conjugacy classes of the permutation group Sg,q;- 
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just one of them corresponds to a single string wound Q,Q;5 times. How- 
ever, this sector gives more low-energy degrees of freedom than any of the 
other sectors, all of which involve multiple strings. Excitations of shorter 
strings have higher energy, which suppresses them entropically. Therefore, 
one obtains an excellent approximation to the entropy by only counting the 
excitations of this long string, which is what we will do. 

In view of the preceding, let us consider a single string wound Q1Q5 
times around a circle of radius R that is only allowed to oscillate in four 
transverse directions. The question to be answered is how many different 
ways are there of constructing a supersymmetric excitations of energy n/R. 
The string can have left-moving and right-moving excitations, and the level- 
matching condition is Ny — NR = nW, where the winding number is 


W = Q1Qs. (11.94) 


Supersymmetry requires that either Nz or Np vanishes, since then that 
sector contributes a short (supersymmetric) representation in the tensor 
product of left-movers and right-movers that gives the physical states of the 
closed string. Whether Ny or Ne should vanish is determined by the sign 
of nW. 

If Ni, and nf, denote excitation numbers of the four transverse bosonic 
and fermionic oscillators, respectively, then evaluation of Ny or Nr gives 


4 œ 
InW| =X So m(Ni, + nin). (11.95) 
i=1 m=1 

The degeneracy d(Q1, Q5, n) is then given by No times the number of choices 
for Ni, and nt, that gives|nQ1Qs|. The factor No denotes the degeneracy of 
the left-moving or right-moving ground state, which is always 16 for a type II 
string. However, multiplicative numerical factors turn out to be completely 
negligible. 


nw 


The degeneracy is given by the coefficient of w” in the generating func- 


tion 





1l—w™ 


(oe) m\ 4 
G(w) = No J] G zi ) l (11.96) 
m=1 

The numerator takes account of the four fermions and the denominator 
takes account of the four bosons. To be precise, in this formula the fermions 
are taken here to be in the R sector. The NS sector would give an equal 
contribution (after GSO projection). 

The degeneracy is evaluated for large nW by representing it as a contour 
integral and using a saddle-point evaluation, as was described in Chapter 2. 
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It is already clear that the answer is a function of N = nW = nQ1Qs only. 
However, while this is true for the single-string sector under consideration, 
it is not true for the subdominant multiple-string configurations that are 
not being considered. Evaluation of the degeneracy for large N requires 
knowing the behavior of G near w = 1. This is obtained using the Jacobi 
theta function identity 


@4(0|r) = — 


J=ir 


where w = e’”’, for the ies 


64(0|r) = IC =) (11.98) 





02(0| — 1/7), (11.97) 








m=1 
62(0\r) = So w2., (11.99) 
This implies that as w — 1 
G(w) logw i (11.100) 
— | -—— } exp| - ; : 
i T E log w 
Then writing the degeneracy in the form 
1 G(w)dw 
— 11.101 
4(Q1,Qs.n) = g 6 Sa, (11.101) 
and using a saddle-point approximation, one finds for large N that 
d(Q1, Q5,n) ~ (QiQsn)-7/4 exp (27 VQiQsn) , (11.102) 
and as a result the microcanonical black-hole entropy is given by 
7 
S = logd ~ 27.,/QiQsn — Z log(Q1Qsn) +... (11.103) 


Remarkably, the leading term in Eq. (11.103) reproduces the result obtained 
earlier in Eq. (11.55) by computing the area of the horizon in the super- 
gravity approximation. The exponential factor in the degeneracy factor is 
multiplied by a power of Q1Q5n, and the first correction to the entropy for- 
mula is proportional to the logarithm of this factor. This term is a stringy 
correction to the entropy computed in the supergravity approximation. For 
the particular black hole considered here, the leading correction to the BH 
entropy formula is proportional to log(A/Gp). That seems to be the rule 
quite generally. However, in contrast to the famous factor of 1/4 in the 
leading term, A/4Gp, the coefficient of the logarithm is not universal. 
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Nonextremal black holes 


It is natural to try to extend this analysis to nonextremal black holes. The 
goal would be to reproduce the BH entropy formula by counting microstates. 
However, in this case the black holes are no longer supersymmetric, and the 
entropy formula is not guaranteed to extrapolate from weak coupling to 
strong coupling without corrections. Because of this lack of control, the 
result has not been derived in the general case using controlled approxi- 
mations. What has been done successfully, in a mathematically controlled 
way, is to compare the results for nearly extremal black holes for which the 
nonextremality can be treated as a perturbation. 

Let us consider the nonextremal D = 5 black holes described in Sec- 
tion 11.3 in the special case that the only antibranes are ñn Kaluza—Klein 
excitations. In this case, the macroscopic entropy formula Eq. (11.69) be- 
comes 





S= 2n(V/QiQsn + VQiQs5n). (11.104) 


The interpretation in terms of the world-volume theory of a string of winding 
number W = QQ; is that the equations Nr = nQ Qs and Nr = 0, which 
were appropriate in the extremal case are now replaced by 


NL =nQiQ5 and Nr =nQ1Qs. (11.105) 


In this case the degeneracy of states contains both a left-moving and a right- 
moving factor 


d ~ expl2r y Nr + 20\/ Np). (11.106) 


Taking the logarithm of both sides gives the microscopic entropy 
S= 20 (y Nt + Np), (11.107) 


in exact agreement with the macroscopic formula! Surely this is better 
agreement than one had any right to expect. At the very least, the approx- 
imations that have been made require n < n. We will not describe the 
precise requirements for the approximations to be justified. Suffice it to say, 
there is some region for which they are justified, but the result that one 
obtains turns out to give agreement in an even larger region. It would be 
nice if one could understand why this happened. 


Hawking radiation 


The nonextremal black holes have a finite temperature and decay by the 
emission of Hawking radiation. The brane picture makes the instability 
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clear: it can be interpreted as brane-antibrane annihilation. Specifically, for 
the set-up in the preceding subsection, where there are both left-moving and 
right-moving Kaluza—Klein excitations, they can collide to give a massless 
closed-string state, which is then emitted from the black hole. The calcula- 
tion has been carried out for ñn <n with the conclusion that the decay rate 
as a function of frequency is 

A dtk 


dr (w) = E Gay (11.108) 


where the temperature is 


2/n 
T = 2, 
TR 


If one considers D1-brane anti-D1-brane or D5-brane/anti-D5-brane an- 


(11.109) 


nihilations instead, then a different viewpoint is convenient. When a brane 
and an antibrane coincide, their common world volume contains a tachyonic 
mode that arises as the lowest mode of the open string that connects the 
brane to the antibrane. This tachyon signals an instability of the world- 
volume theory, which results in the emission of closed-string radiation as 
in the previous discussion. In fact, one can test this reasoning by using 
Witten’s string field theory to describe the open string. Sen has argued per- 
suasively that this theory gives a potential for the tachyon field, and that the 
decay corresponds to sliding down this potential from a local maximum to a 
local minimum, that is, tachyon condensation. Furthermore, the value of the 
potential at the minimum should be lower than its value at the maximum 
by exactly twice the brane tension. Thus the world-volume tachyon rolling 
to the minimum of its potential precisely corresponds to brane—antibrane 
annihilation. This results in the emission of closed-string quanta. In the 
black-hole setting considered here, these quanta comprise the Hawking ra- 
diation. This prediction for the gap between the maximum and minimum 
of the potential has been tested numerically in Witten’s bosonic string field 
theory, and it has been verified to high precision. Moreover, it has recently 
been derived analytically. 


11.5 The attractor mechanism 
Moduli fields 
As has been discussed in previous sections, black holes can appear when 


a superstring theory or M-theory is compactified to lower dimensions and 
when branes are wrapped on nontrivial cycles of the compact manifold. The 
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compactified theories typically have many moduli of the type considered in 
Chapters 9 and 10. These moduli appear as part of the black-hole solutions, 
which turn out to exist for generic values of these moduli at infinity, that is, 
far from the black hole where the geometry is essentially flat. As a result, 
there is the dangerous possibility that the entropy of the black hole may 
depend on parameters that are continuous, namely the moduli fields at in- 
finity, and not only on discrete black-hole charges. This would be a problem, 
since the number of microstates with given charges is an integer, that should 
not depend on parameters that can be varied continuously. It should only 
depend on quantities that take discrete values, such as electric/magnetic 
charges and angular momenta.!® 


The attractor mechanism 


In order to resolve this puzzle, one has to realize that the entropy of a black 
hole is determined by the behavior of the solution at the horizon of the 
black hole and not at infinity. The obvious way to reconcile this with the 
observations in the preceding paragraph is for the moduli fields to vary with 
the radius in such a way that their values at the horizon of the black hole 
are completely determined by the discrete quantities, such as the charges, 
regardless of their values at infinity. In other words, the radial dependence 
of these moduli is determined by differential equations whose solutions flow 
to definite values at the horizon, regardless of their boundary values at 
infinity. This solution is called an attractor and its existence is the essence 
of the attractor mechanism. The existence of an attractor is necessary for a 
microscopic description of the black-hole entropy to be possible. 

The attractor equations arise from combining laws of black-hole physics 
with properties of the internal compactification manifolds. To be specific, 
this section gives the derivation of the attractor equations for type IIB super- 
string theory compactified on Calabi-Yau three-folds. A crucial ingredient 
in these cases is special geometry, a tool used to describe the relevant moduli 
spaces that was introduced in Chapter 9. 


Black holes in type ITB Calabi—Yau compactifications 


As discussed in Chapter 9, when type IIB superstring theory is compactified 
on a Calabi-Yau three-fold M, the resulting theory in four dimensions has 
N = 2 supersymmetry. The four-dimensional theory is M = 2 supergrav- 
ity coupled to h?! abelian vector multiplets and htt + 1 hypermultiplets. 


16 The entropy formulas given earlier depend on integers only, though they are not logarithms of 
integers. The reason, of course, is that the formulas are not exact. 
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The vector multiplets contain the complex-structure moduli, while the hy- 
permultiplets contain the Kahler moduli and the dilaton. The following 
discussion focuses on the fields contained in vector multiplets, since the en- 
tropy does not depend on the hypermultiplets, at least in the supergravity 
approximation, as will become clear. 


Brief review of special geometry 


An N = 2 vector multiplet contains a complex scalar, a gauge field and 
a pair of Majorana (or Weyl) fermions. The moduli space describing the 
scalars is h?:!-dimensional and is a special-Kéhler manifold. The Kahler 
potential for the complex-structure moduli space is 


K = —log GJ Q aa) (11.110) 
M 


where Q is the holomorphic three-form of the Calabi-Yau manifold, as usual. 
In this set up a black hole can be realized by wrapping a set of D3-branes on 
a special Lagrangian three-cycle C. In order to describe this, let us introduce 
the Poincaré dual three-form to C, which we denote by I. 

This black hole carries electric and magnetic charges with respect to the 
h?-! U(1) gauge fields originating from the ten-dimensional type IIB self-dual 
five-form F; as well as the graviphoton belonging to the NV = 2 supergravity 
multiplet. In order to describe the charges, let us introduce a basis of three- 
cycles A’, By (with I,J = 1,...,h?! +1), which can be chosen such that 
the intersection numbers are 


A'NBy=-BynA'=65 and AlN A? =B;NBy=0. (11.111) 


The Poincaré dual three-forms are denoted a! and 8r. The group of trans- 
formations that preserves these properties is the symplectic modular group 
Sp(2h>! + 2; Z). The symplectic coordinates introduced in Chapter 9 are 


Kegin Q and ra Q. (11.112) 
Al Br 


Recall that the definition of Q can be rescaled by a factor that is independent 
of the manifold coordinates and that this corresponds to a rescaling of the 
homogeneous coordinates X/. This freedom has been used to include the 


K/2 which will be convenient later. 


factors of e 
The electric and magnetic charges, qyz and p’, that result in four dimen- 
sions are encoded in the homology class C = p! By; — q,A! or the equivalent 


cohomology class I = paz — q;3/. Thus, in terms of a canonical homology 
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basis A’, By, one can write 


[taf raetqe" and [raf Masy (11.113) 
Al M Br M 


The central charge, which is determined by the charges, is given by 


Z(T) =e|Z| = er rAQ= ag) Q. (11.114) 
M C 
This expression for the central charge can be derived from the M = 2 su- 
persymmetry algebra, as was shown in Chapter 9. it can be re-expressed as 
follows: 


A f vf a- vf Q) = piP- ax". (11.115) 
; 1 1 


The attractor equations and dyonic black holes 


Let us now show that the complex-structure moduli fields at the horizon 
are determined by the charges of the black hole, independent of the values 
of these fields at infinity. In order to illustrate this, we will derive the 
differential equations satisfied by the complex-structure moduli fields for 
the case of four-dimensional spherically symmetric supersymmetric black 
holes. These conditions restrict the space-time metric to be of the form 


ds? = -eV Od + e-2U( az. dz, (11.116) 


where @ = (21,%2,x%3) and r = |Z| is the radial distance and r = 0 is the 
event horizon. Note that this requires using a coordinate system that is 
singular at the horizon like the one in Eq. (11.77), for example. Let us 
also assume that the holomorphic complex-structure moduli fields t® only 
depend on the radial coordinate, so that t® = t°(r), with a = 1,...,h?". 
Recall that these coordinates are related to the homogeneous coordinates 
X! introduced above by t* = X°%/X°. It is convenient to introduce the 
variable r = 1/r. Then T = 0 corresponds to spatial infinity, while r = oo 
corresponds to the horizon of the black hole. 

The first-order differential equations satisfied by U(r) and t°(7) can be 
derived by solving the conditions for unbroken supersymmetry 


5p, = À% =0, (11.117) 


where y, is the gravitino, and A“ represents the gauginos. These equations 
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Fig. 11.4. The pendulum with a dissipative force acting on it evolves towards 0 = 0 
independently of the initial conditions. 








imply a set of first-order differential equations!” 
dU (T) U(r) 
= —e“ TWF 11.11 
qo = eZ, (11.118) 
dt? (T) U(r) maß 
ee: GP aa|Z|. (11.119) 


Recall that G? is the inverse of G ap = Oo0gK. In this form the conditions 
for unbroken supersymmetry can be interpreted as differential equations 
describing a dynamical system with 7 playing the role of time. 

The physical scenario described by these equations has a nice analogy with 
dynamical systems. Consider, for example, a pendulum with a dissipative 
force acting on it. In general, the final position of the pendulum is inde- 
pendent of its initial position and velocity. The point at 0 = 0 in Fig. 11.4 
represents the attractor in this simple example. Solving the equations in the 
near-horizon limit is then equivalent to solving the late-time behavior of the 
dynamical system. It will turn out that the horizon represents an attractor, 
that is, a point (or surface) in the phase space to which the system evolves 
after a long period of time. This means that the moduli approach fixed 
values at the horizon that are independent of the initial conditions. 


Solution of the attractor equations 
In order to solve Eqs (11.118) and (11.119) explicitly near the horizon, let us 
first note that these differential equations can be written in the alternative 
equivalent form 


d | -U02 (ezia ] wv 
2% [e Im (e~*0)| ~ =r. (11.120) 


17 The derivations are given in hep-th/9807087. Since Eq. (11.114) is homogeneous of degree one 
in the X s, Z(t®) means (X°)—1Z(X‘). 
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The ~ symbol means that two sides are cohomologous. In other words, they 
are allowed to differ by an exact three-form, though this freedom can be 
eliminated by choosing harmonic representatives. Equation (11.118) is one 
real equation and (11.119) is h>! complex equations, making 2h?! + 1 real 
equations altogether. Equation (11.120) can be projected along each of the 
classes of H?, and there are 2h?! +2 of these. So, if it really is equivalent to 
Eqs (11.118) and (11.119), it is necessary that there is a redundancy among 
these equations. 

Consider integrating Eq. (11.120) over the A cycles and the B cycles. 
Using Eqs (11.112) and (11.113) this gives 


d —U(T —1a 
2 le UOI (e x')] = —p! (11.121) 
and 
ot [eV (e°F))| = q (11.122) 
dr i 


Contracting the first equation with q; and subtracting the second equation 
contracted with p? gives 


24 [e0 1m (e™*(qrX" — pl Fy))| = 0. (11.123) 
However, Eqs (11.114) and (11.115) imply that 


e**(q,X! — p' Fr) = -|Z|, (11.124) 


so that Eq. (11.123) is automatically satisfied. This is the required redun- 
dancy that leaves 2h?! + 1 nontrivial equations. 

Equation (11.118) can be obtained from Eq. (11.120) by projecting both 
sides on e~?%eX/2Q. This means taking the wedge product with this three- 
form and then integrating over the manifold. The derivation of Eq. (11.118) 
by this method is given in Exercise 11.10. To deduce the complex equations 
in Eq. (11.119), one should project along e~**eX/?D,.Q. Together with the 
previous result, this extracts the full information content of Eq. (11.120). 
The derivation of Eq. (11.119) is left as a homework problem. 

The differential equation (11.120) can be integrated, since I does not 
depend on 7. Its expansion in a real cohomology basis only depends on the 
electric and magnetic charges carried by the black hole.!® The result is 


2e-U(T)+K/2]m (eA) ~ -Ir +2 je CONE (#9) ai (11.125) 


This equation yields implicitly the solution for the moduli fields t% = t° (7). 


18 Of course, its Hodge decomposition depends on the complex structure and thus on 7, but this 
is not relevant to the argument. 
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Equation (11.119) implies that 


qjZ| _ d(T) dt” (7) U p08 
= 7 a|4| = a 3|Z| <0. . 
al Z| 0a| Z| 4e G% Og.|Z|0g|Z| < 0. (11.126) 


As a result, |Z| is a monotonically decreasing function of T converging to a 





minimum. The fixed point is then determined by 


d|Z 
lai as T—> OO. (11.127) 


In order to solve for the moduli fields near the horizon, we assume that the 
central charge has a nonvanishing value Z = Z, 4 0 at the fixed point. 
Therefore, Eq. (11.118) can be integrated to give, for large 7, 


Tte UO > |Z. (11.128) 


Substituting into the metric, this implies that the near-horizon geometry is 
AdS x S?, just as in Exercise 11.3, 





2 its 2 2dr? 2/ 192 . 92 2 
ds* = dt“ + |Z,| + |Z| (d0 + sin 6d¢d*), (11.129) 
[Z]? 72 
and it determines the area of the horizon to be 
A=4n|Z,|?. (11.130) 


In the near-horizon limit Eq. (11.125) can be solved giving rise to the at- 
tractor equation, which is a determining equation for the complex-structure 
moduli in the near-horizon limit. In this limit Eq. (11.125) implies that 


2e%/?Im (Z9) ~ -T (11.131) 
at the horizon. This implies that 
T = T(3,0) + 10,3) (11.132) 
at the horizon, that is, the only nonvanishing terms in the Hodge decom- 
position of I are (3,0) and (0,3), while the (1,2) and (2,1) parts vanish. 
This is a property of the fixed-point, and it need not be true away from the 
horizon. Therefore, the attractor mechanism can be viewed as a method to 
determine Q at the horizon in terms of the charges of the black hole. 


The attractor condition (11.131) and the charges defined in Eq. (11.113) 
give the alternative formulas!’ 


p’ =—2Im(ZX!) and gq; =—2Im(ZF;). (11.133) 


This form of the attractor equations is used in the following sections. 


19 These equations often appear with plus signs. Clearly, the signs depend on conventions that 
have been made along the way. 
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Fig. 11.5. Lines with constant 7 of the 3-center solution with identical charges. 


Multi-center solutions 


There are stationary multi-black holes solutions that are known as multi- 
center solutions. The reason these exist is that, when each of the black 
holes preserves the same supersymmetry charge, this supersymmetry is an 
unbroken symmetry of the multi-black hole system. In this case, the BPS 
condition result in a no-force condition, which means that the total force 
acting on each of the black holes due to the presence of the others exactly 
cancels, so that each of them can remain at rest. The various attractive and 
repulsive forces due to gravity, scalar fields, and gauge fields are guaranteed 
to cancel out due to supersymmetry. This is true even though the field 
configurations are much more complicated than they are for a single black 
hole. 

The attractor equations can be generalized to the case where are black- 
hole horizons, with charges encoded in harmonic three-forms I’,,, at different 
points Zp. In the special case where all of the component black-holes have 
the same charges, the flow parameter 7 is naturally defined to be 





1 
T= = (11.134) 
2 |Z- Tp | 


Surfaces with constant 7 in the 3-center case are displayed in Fig. 11.5. In 
general, the charges are not identical. In order to describe such a solution, 
known as a multi-center solution, one has to consider a slightly generalized 
metric of the form 


ds? = —e” (dt + widz’)? + e7% dz - dz. (11.135) 


11.5 The attractor mechanism 595 


The attractor equations can then be shown to take the form 


H  =2e Im (eeN) ; 
(11.136) 
xdw =f, dH ^H, 


where H(Z) is a harmonic function of the space-like coordinates (as well as 
a differential form in the compact dimensions), x is the Hodge star operator 
on R and a is the phase of Z(S>T,). The first of these equations is the 
generalization of Eq. (11.125), while the second one has no counterpart in 
the one-center case. Since each of the horizons is an attractor, the flow 
equation in this case is called a split attractor flow. 

If we have N centers in asymptotically flat space-time, integration gives 


=- meat aim (e “aK /2Q) : (11.137) 
z-z, | = T=CO 
Acting with the operator dx on the second equation in (11.136) gives the 
condition 
1 AH AH =0. (11.138) 
M 
Using 
1 
= —475®) (Z — zp), 11.139 
one then obtains 
ee f BAR =m le T s (11.140) 
| Zp — Tq | 


It can be shown that a multi-center solution exists as long as the this equa- 
tion is satisfied. It determines the position of the charges. So, for example, 
in the two-center case the separation of the horizons is determined by 


te = Juri ^T 
= mje eZ 





(11.141) 


Black rings 


In four dimensions there is a theorem to the effect that the topology of a 
black-hole event horizon is necessarily that of a two-sphere. It therefore 
came as a surprise when people realized that there are more possibilities in 
higher dimensions. In all of the five-dimensional examples discussed so far, 
the horizon has S? topology. However, there are also asymptotically flat 
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supersymmetric solutions in five dimensions for which the topology of the 
horizon is S' x S?. In fact, there are so many solutions of this type that they 
are not uniquely determined by their mass, charges and angular momenta, in 
contrast to black holes. These solutions are called black rings. As you might 
guess, rotation is required to support this topology. These solutions can be 
found by considering MN = 2 supergravity coupled to a set of vector multi- 
plets in five dimensions. This can be realized by compactifying M-theory on 
a Calabi—-Yau three-fold, as was discussed in Chapter 9. This is a concep- 
tually beautiful subject, but the formulas tend to get a bit complicated. So 
we will just list the essential results without the derivations.?° 

In order to present the supersymmetric black-ring solutions, let us first 
describe the most general solutions with unbroken supersymmetry. The 
scalars in the vector multiplets are real and denoted by Y4. The BPS 
equations are then solved by 


ds? = =f "(dt +w)? + fds}, (11.142) 
where 
4 
dar S Nanda dg”. (11.143) 
m,n=1 


Here X is a four-dimensional hyperkahler space with metric hmn, w is a 
one-form on X and f is a scalar function depending on the coordinates 
of X. The U(1) field strength two-forms F4 in the vector multiplets are 
determined by 


FA =d([f-ly4(dt+w)] +04, (11.144) 
where ©4 are closed self-dual two-forms on X, that is, 
O4 = x,04. (11.145) 
Moreover, supersymmetry implies that w and f are determined by 
dw + x4dw = —fY¥,04, (11.146) 
and 
V7(fYa) = 3D4gcOP O0, (11.147) 


where Dagc are the intersection numbers of two-forms (or dual four-cycles) 
describing the geometry of the Y^ moduli space. This is the most general 
solution preserving supersymmetry in five dimensions. So, for example, the 
five-dimensional three-charge black holes and rotating black holes described 


20 For further details see hep-th/0504126. 
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in Section 11.3 are special cases of this solution, as you are asked to check 
in a homework problem. 

In order to obtain an example of a black-ring solution, it is sufficient to 
consider the case of one modulus, that is, A = 1 and D111 = 1. The space 
X is taken to be Taub-NUT with metric 


1 
ds% = H°d#- dZ + gold +w)? and dw? = x3dH®, (11.148) 


where x° has period 47. The solution is then formulated in terms of a set 
of two-center harmonic functions H defined by 








4 1 
Psa ee | ee eee (11.149) 
Ray | | L |Z- o| 
and 
1 
H! = E meik a i (11.150) 


where Zo = (0,0, L) and (pt, q1, qo) are constants. When compactified to 

four dimensions, this background is a bound state of one D6-brane located 

at | Z |= 0 and a black hole with D4-D2-D0 brane charges (pt, q1, qo). 
Using these harmonic functions, Eq. (11.145) is solved by 











H+ 
ol=d É (dx° 4 ”)| + «3d H', (11.151) 
while the solution to Eq. (11.147) is provided by 
H! 2 
f=H + 3l a ; (11.152) 
Moreover, 
(H HIH! Bact (4) 
w = — | Ho 4 2 TOE 70 (da? +w) +w”, (11.153) 
where wl’) is the solution of 
dw) = Hy xs dH! — H! +3 dH". (11.154) 


The black-ring solution is then obtained by taking the limit Rpxj — co. This 
is the same sort of limit considered earlier when we discussed the 4d/5d 
connection relating a rotating black hole in five dimensions to one with 
suitable charges in four dimensions. 

The five-dimensional metric can then be written in the form 


ds? = GY) dade” + A(dx® — A,de")?, (11.155) 
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where Gy is the four-dimensional metric, is a scalar and A,, is a U(1) 
gauge field. The four-dimensional metric satisfies the two-center attractor 
equations. 





EXERCISES 





EXERCISE 11.10 
Deduce Eq. (11.118) by projecting both sides of Eq. (11.120) on e7*t*/2Q. 


SOLUTION 


Equation (11.120) is equivalent to 
d [e (tEn _ aac?) eens 
dt 
Taking the wedge product with e~?°+*/2Q, only the second term on the left 
contributes since ODAQ=OQA 49 = 0. Thus 


d 


= O —U ,-ia d ia O 
Ka (e V) EAN -e Ue +O A (e Hn) 


~ —ie™ tE AT, 


The imaginary part of this equation is now integrated over the manifold. A 
useful identity that implies that the integral of the second term is real is 


[aan = (Pan) = femran 1 (Panen: 


which is derived by differentiating Eq. (11.110) written in the form 


feet) i (gn) Aa 


In this way, one obtains 


= 1 = 
a (e8) e fo AQ= -37 | (eQ + eN) AT. 
dr 2 
Using Eq. (11.110) to simplify the left-hand side and Eq. (11.114) to simplify 
the right-hand side, one obtains 
d 


2 Uy) _ 
£ (e) = 141 
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which is equivalent to Eq. (11.118). 


11.6 Small BPS black holes in four dimensions 


Section 11.4 showed how the counting of microscopic degrees of freedom 
reproduces the BH entropy of certain supersymmetric black holes. A crucial 
requirement for this agreement is that Dp-branes wrapped on cycles of the 
internal manifold excite enough different charges to give a solution with a 
nonvanishing classical black-hole horizon. 

Black holes can also be created using fundamental strings and their ex- 
citations without invoking solitonic branes. The string spectrum consists 
of an infinite tower of states with arbitrarily large masses. For sufficiently 
high excitations, or sufficiently large coupling constant, gravitational col- 
lapse becomes unavoidable. This implies that the Hilbert space of string 
excitations should contain black holes. This opens up the interesting possi- 
bility that certain string excitations admit an alternative interpretation as 
black holes. In this section we discuss evidence that black holes are an al- 
ternative description of certain elementary string excitations. The evidence 
again follows from comparing the black-hole entropy obtained by counting 
microscopic quantum states to the macroscopic black-hole entropy described 
by geometry. 

The difficulty in making a black hole out of perturbative string excitations 
is that an elementary string states do not excite all four types of charges in 
the A factor of the metric in Eq. (11.77). Therefore, the area of the horizon 
would vanish in the supergravity approximation, leaving a null singularity 
at the origin. For large string excitation number N, the entropy is pro- 
portional to VN, and the area of the horizon is A ~ VN A where 4p is 
the four-dimensional Planck length. Even though the area of the horizon 
is large in Planck units, it is of order one in string units, which explains 
why the supergravity approximation gives zero. Therefore, a’ corrections to 
the supergravity approximation are important for obtaining a horizon of fi- 
nite radius that shields the singularity, as required by the cosmic censorship 
conjecture. 


Microstate counting 


As a specific example, let us consider the heterotic string compactified on a 
six-torus to four dimensions, which was discussed in Chapter 7.7! This gives 


21 The techniques discussed in this section are of more general applicability than this specific 
example. 
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28 U(1) gauge fields.?? These transform as a vector of the O(22, 6; Z) duality 
group. 22 of the gauge fields belong to 22 vector multiplets, while the other 
6 belong to the supergravity multiplet. The allowed charges of these gauge 
fields are given by sites of the Narain lattice, as described in Chapter 7. 
Since this is an even lattice, a charge vector in this lattice squares to an 
even integer. In other words, since the charges are encoded in the internal 
momenta (pr, pL), where pr, has 22 components and pr has six components, 


pe -p =2N. (11.156) 
The mass formula for these states is 


1 1 1 
oM = apr + NR = a + Ny —1, (11.157) 


where Ny and Np are the usual oscillator excitation numbers. 


Dabholkar—Harvey states 


Most states with masses given by Eq. (11.157) are unstable, but the BPS 
states are stable. The BPS states, that is, the state belonging to short 
supermultiplets for which the mass saturates the BPS bound, have Np = 0. 
In this case 


al M? = 2p}, (11.158) 


while Ny is arbitrary. This results in a whole tower of stable states, which 
are sometimes called Dabholkar—Harvey states. For these states the level- 
matching condition reduces to 


NL -1=N. (11.159) 


For example, if there is winding number w and Kaluza—Klein excitation num- 
ber n on one cycle of the torus, then N = |nw]. In general, the degeneracy 
of states for large N is given by 


da VOM (4rvN) (11.160) 
resulting in a leading contribution to the black-hole entropy given by 


S =logdy © 4nVN. (11.161) 


22 We assume generic positions in the moduli space so that there is no enhanced gauge symmetry. 
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Counting states 


Let us now compute the corrections to Eq. (11.161). The degeneracy dy 
denotes the number of ways that the 24 left-moving bosonic oscillators can 
give Ny = N +1 units of excitation. This can be encoded in a partition 


function 


16 


Zp) = y dye OY = NO (11.162) 


where 
q => ef = ent. (11.163) 


and the factor of 16 is the degeneracy of right-moving ground states. The 
factor A(q) is related to the Dedekind y function by 


Ala) =n(7)* =a] [a-@)™. (11.164) 
n=1 


The large-N degeneracy depends on the value of this function as q — 1 or 
3 — 0. Under a modular transformation the Dedekind 7 function transforms 


as 
n(—1/7) = V—-irn(r). (11.165) 
As a result, 
BNE : 
A(e~*) = (=) Bere ley, (11.166) 
2T 
which, by using A(q) =~ q for small q, gives the estimate 
BNE R 
A(e*) & (+) EFIR, (11.167) 


This result is extremely accurate, since all corrections are exponentially 
suppressed. 
Now one can compute dy, as in earlier chapters. 


1 dq 1 16 dq 





dy = — = ; 11.168 
No AA) qi mij] Alq) gH ( ) 

Using Eq. (11.166), this can be approximated for large N by 
dy © 16 Îg(4r VN), (11.169) 


where 


N 1 eE+ioo 5 
Das J (t/2n) -letta (11.170) 
E 


271 Jezis 
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is a modified Bessel function. This formula includes all inverse powers of N, 
but it does not include terms that are exponentially suppressed for large N. 
A saddle-point estimate for large N gives 


27 15 
S =logdy ~= 4nVN — > log VN + > log2 +... (11.171) 


This shows that the leading-order entropy of the black hole obtained by 
counting microstates is proportional to the mass, S ~ M. We could try to 
compare this to the corresponding macroscopic black-hole solution, but the 
black hole constructed of perturbative Dabholkar—Harvey states only excites 
two of the four charges that are needed to get a nonvanishing area of the 
event horizon. So the result is zero in the supergravity approximation. This 
is the best that one could hope for in this approximation, because if the area 
were nonzero, the entropy would be proportional to M?. 

So how can we construct a macroscopic black hole that reproduces the 
entropy (11.169)? The resolution lies in realizing that elementary string 
states become heavy enough to form black holes at large coupling. As a 
result, one should expect that string-theoretic corrections to supergravity, 
such as terms in the action that are higher order in the curvature, modify the 
macroscopic geometry and the associated entropy, yielding a nonvanishing 
result. 


Macroscopic entropy 


The preceding analysis gave a very accurate result for the degeneracy of 
states dy of a certain class of supersymmetric black holes. Remarkably, this 
formula has been reproduced precisely from a dual macroscopic analysis. 
The crucial point is that the supergravity approximation is inadequate for 
this problem, and one must include higher-order terms in the string effective 
action. In general, this is a hopelessly difficult problem. However, in the case 
at hand, it turns out that the relevant higher-order terms can be computed. 

In order to compute these corrections, it is more convenient to work with 
the type IIA string theory compactified on K3 x T? instead of the heterotic 
string on T°. According to a duality discussed in Chapter 9, this is an 
equivalent theory. In this description the machinery of special geometry is 
applicable. The quantum gravity corrections are then encoded in corrections 
to the prepotential. No closed expression for these corrections is known in 
general, but luckily in this case there is M = 4 supersymmetry. When 
there is this much supersymmetry, a nonrenormalization theorem implies 
that only the first correction to the prepotential is nonvanishing, and this 
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is enough to reproduce the microscopic entropy discussed in the previous 
section. A key ingredient in the analysis is the attractor mechanism. 

Type IIA superstring theory on K3 x T? has N = 4 supersymmetry in 
four dimensions, but the attractor mechanism analysis is carried out most 
conveniently using the M = 2 complex special geometry formalism. It is 
still applicable when there are additional supersymmetries. When one goes 
beyond the supergravity approximation and includes higher-genus contribu- 
tions to the effective action, the holomorphic prepotential F(X‘) generalizes 
to a function 


co 
F(X',W?) =S° FAX )w", (11.172) 
h=0 
where h denotes the genus and W is a chiral superfield that appears in the 
description of the M = 2 supergravity multiplet.2? The first component of W 
is the anti-self-dual part of the graviphoton field strength. The graviphoton 
is the U(1) gauge field contained in the NV = 2 supergravity multiplet. The 
prepotential satisfies the homogeneity equation 


X!a,F(X!,W?) + Wow F(X’, W?) = 2F(X',W?), (11.173) 


which generalizes the formula presented in Chapter 9. Topological string 
theory techniques, which are not described in this book, enable one to com- 
pute the coefficients of terms in the effective action of the form 


I dîzdt0W? F, (XD), (11.174) 


which is exactly what is required. 

When terms of higher-order than the Einstein—Hilbert term contribute to 
the action in a significant way, the BH entropy formula is no longer correct. 
The appropriate generalization has been worked out by Wald. Wald’s for- 
mula (see Problem 11.15) is applied to the R? corrected action in the present 
case. 

The attractor equations that determine the moduli in terms of the charges, 


and make the central charge extremal, are?4 


p! =Re(CX’) 
(11.175) 
qr =Re(CFr), 


23 Since we do not wish to describe this formalism, as well as other issues, the argument presented 
here is sketchy. The reader is referred to hep-th/0507014 for further details. 

24 The coordinates X7, Fy in this section and those in section 11.5 differ by a rescaling of the 
holomorphic three-form Q by a factor 2iZ/C, where C is an arbitrary field introduced here for 
bookkeeping purposes. 
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where p! denote magnetic charges and qr denote electric charges as before. 
Moreover, in the conventions that are usually used, the graviphoton field 
strength at the horizon takes the value 


C?W? = 256. (11.176) 


After taking the corrections into account, it can be shown that the black-hole 
entropy is 
Tt = — T 

s=7 (aCx" = p'CF) + TIm (C°ðoF). (11.177) 
The first term in this equation agrees with the attractor value S = 7|Z,|? 
(for G4 = 1) derived in the previous section when one takes account the 
rescaling mentioned in the footnote. The second term is a string theory 
correction. 


The first equation in (11.175) is solved by writing 
CX! =p + “gl (11.178) 
In order to solve the second equation, we define 
F(¢,p) = -r ImF (p! + tgr, 256). (11.179) 
Using this definition, 


(CFr+CFr) = = o p), (11.180) 


en 


where we have used 


ð i ð i ð 





= — ; 11.181 
ð$ nCƏX! aC ax! ( ) 
The homogeneity relation for the prepotential then implies 
256 o 

F| X!, = X! —— F SOF. 11.182 
Ge ( OC = ax! uae 

As a result, the corrected entropy can be written in the form 

fô) 

S(p, 4) = F(p) - $ ggr F oP). (11.183) 


In other words, the entropy of the black hole is the Legendre transform of 
F with respect to ¢/. So it is more convenient to specify the ¢/, which play 
the role of chemical potentials, rather than the electric charges qr. 
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For the reasons just described, it is natural to consider a mixed ensemble 
with the partition function 


2(¢! pl) = FOP) = SOG, ple, (11.184) 
qf 


which is microcanonical with respect to the magnetic charges p! and canoni- 
cal with respect to the electric charges qr. Moreover, Q(qr, p?) are the black- 
hole degeneracies, and log Q is the microcanonical entropy. The black-hole 
entropy is then obtained according to 


S(q, p) = log Q(q, p). (11.185) 
The inverse transform is (formally) 
Olar, p’) = [Aenea] jag, (11.186) 


which, in principle, allows one to obtain the microscopic black-hole degen- 
eracies by using amplitudes computed by topological string theory. 


Heterotic compactification on T® 


In the special case of the heterotic string on T®, one can use these results by 
going to the S-dual description in terms of the type IIA theory on K3 x T?. 
In this description the Kaluza—Klein modes and winding modes map to D4- 
branes wrapped on the K3 and DO-branes. The D0-branes are electrically 
charged with respect to one gauge field and the D4-branes are magnetically 
charged with respect to another one. Thus, only two charges, go and p! say, 
are nonzero. 

The prepotential is particularly simple in this case. Since this theory 
has an MN = 4 supersymmetry, the only nonvanishing contributions to the 
prepotential are Fo and F,. For Fo one takes the tree-level amplitude given 
by 

xi 


1 b 
h= -3 CaX"X (5a) ; a,b = 2,...,23 (11.187) 


where Ca» is the intersection matrix of two-cycles on K3, and 
T =T +i = X'!/X? (11.188) 


is the Kähler modulus of the torus. 

The only additional contribution is F}. Schematically, this term can be 
obtained by taking the ten-dimensional interaction f B A Yg and compacti- 
fying on K3 x T?. In the type IIA description there is an SL(2, Z) T-duality 
symmetry associated with the T? factor, which corresponds to an SL(2, Z) 
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S-duality symmetry of the dual heterotic string theory in four dimensions. 
The modular parameter of this symmetry is 7, and it transforms nonlinearly 
under SL(2, Z) transformations in the usual way. Its real part, 71, which is 
an axion-like field, arises from a duality transformation of the two-form B 
in four dimensions. Accordingly, the ten-dimensional interaction gives rise 
to a four-dimensional term of the form 


1 
= fn (rRAR-trF AF). (11.189) 


The normalization is fixed by the requirement that this should be well de- 
fined up to a multiple of 27 when 7; is shifted by an integer, since such 
shifts are part of the SL(2, Z) group. To get the rest of the group working, 
specifically the transformation T — —1/r, it is necessary to add higher-order 
terms by the replacement 





1 24 1 
S l = — log A(q). 11.1 
re ei ogn(T) 57; 08 (q) (11.190) 


In the heterotic viewpoint, the corrections given by this substitution have the 
interpretation as instanton contributions due to Euclideanized NS5-branes 
wrapping the six-torus. 

It follows that the S-duality invariant and supersymmetric completion of 
the trR A R term is? 


am J log A(q)tr [(R — iR*) A (R — iR*)]. (11.191) 


The factor involving the curvatures is part of f dt0W?, and its coefficient 
determines F to be 

4 
1287 
This shows that F is independent of the K3 moduli. Moreover, Fp = 0 
for h > 1. As a result, one finds that the prepotential for this case takes a 


Py 





log A(q). (11.192) 


particularly simple form, namely 


=) We log A(q). (11.193) 


1 
BW Cask? (a 128m 


Using these formulas one can solve the attractor equations and the Legendre 


transformation obtaining 
p! 
bo = 274| —. (11.194) 
qo 


25 In terms of two-forms, R* is defined by a duality transformation of the Lorentz indices 
(R*ymn = per pg RPA. 
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One then reproduces the desired entropy formula 
S ~ log (163(47 pqo)) l (11.195) 


The analysis described above was restricted to supersymmetric black holes. 
However, the analysis can be extended to the entropy of black holes that 
are extremal, but not necessarily supersymmetric. Specifically, the entropy 
given by Wald’s formula is given by extremizing an entropy function with 
respect to moduli fields as well as electric fields at the horizon. This im- 
plies that the attractor mechanism is very general: if the entropy function 
depends on a specific modulus, that modulus is fixed at the horizon. If it 
does not depend on a modulus, the entropy does not depend on it either. 





HOMEWORK PROBLEMS 





PROBLEM 11.1 

Consider motion of a massive particle in an arbitrary D = 4 space-time. 
The Newtonian limit can be obtained when the curvature of the space-time 
is small and the velocity is small v « 1. Expand the space-time metric 
about flat Minkowski space, guv = Nuv + Juv with |guv| < 1, to show that 
the Newtonian potential ® is related to the metric by ® = — ĝu /2. 


PROBLEM 11.2 
Verify that the metric in Eq. (11.9) has a vanishing Ricci tensor, so that D- 
dimensional Schwarzschild black hole is a solution to Einstein’s equations. 


PROBLEM 11.3 
Derive Eq. (11.11). 


PROBLEM 11.4 

Re-express the metric in Eq. (11.9) in a higher-dimensional generalization of 
Kruskal-Szekeres coordinates and verify that there is no singularity at the 
horizon. 


PROBLEM 11.5 
Calculate the temperature of the nonextremal black hole (11.60). What 
happens in the limit ro — 0? 
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PROBLEM 11.6 

By similar reasoning to Exercise 11.6, show that the entropy of the three- 
charge extremal D = 5 black hole is given correctly by M-theory on T = 
T? x T? x T? with Qı M2-branes wrapping the first T?, Q2 M2-branes 
wrapping the second T? and Qs M2-branes wrapping the third T?. 


PROBLEM 11.7 
Verify that Eq. (11.90) follows from Eq. (11.88). 


PROBLEM 11.8 
Deduce Eq. (11.119) by projecting both sides of Eq. (11.120) on e~°*+*/?2D,.0 
and using reasoning similar to that in Exercise 11.12. Warning: this is a 
difficult problem. 


PROBLEM 11.9 
Show that the Kahler potential in Eq. (11.110) can be recast in the form 


K = — log[2 Im(X’ Fy). 


What form does this equation take when re-expressed in terms of t% = 
eX and FES) = (ee) Oe 


PROBLEM 11.10 
Show that the five-dimensional three-charge black hole with rotation dis- 
cussed in Section 11.3 solves Eqs (11.144) to (11.154). 


PROBLEM 11.11 

Show that the horizon of the black-ring solution described by Eqs (11.148) 
to (11.154) has the topology St x $?. What is the area of the horizon and 
what is the entropy of the corresponding black hole? 


PROBLEM 11.12 
The Dedekind 7 function can be represented in the form 


oO 


nr) = q¥*4 a-r) S> rieo, 
n=1 


n=— CoO 


Use the Poisson resummation formula and this representation of the n func- 
tion to verify the modular transformation (11.165). 
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PROBLEM 11.13 
Verify the result for the partition function (11.162). 


PROBLEM 11.14 
Derive Eq. (11.194). 


PROBLEM 11.15 

Wald’s formula determines the entropy of a D = 4 black hole when the effec- 
tive action contains terms of higher order in the curvature tensor. Denoting 
the effective Lagrangian density by £, Wald’s formula expresses the entropy 
as an integral over the horizon of the black hole 


OL 
S.=2 eee O, 
rf, Eji ATR 


Verify that Wald’s formula gives the usual BH entropy formula when only 
the Einstein—Hilbert term is present. 


PROBLEM 11.16 
Perform microstate counting to obtain the entropy of the nonextremal three- 
charge black hole given in Eq. (11.69). 


PROBLEM 11.17 
Perform microstate counting to obtain the entropy of the D = 5 rotating 


black hole given in Eq. (11.76). Also, derive the entropy formula given in 
Eq. (11.84). 


12 
Gauge theory/string theory dualities 


Many remarkable dualities relating string theories and M-theory have been 
described in previous chapters. However, this is far from the whole story. 
There is an entirely new class of dualities that relates conventional (non- 
gravitational) quantum field theories to string theories and M-theory. 

There are three main areas in which such a gauge theory/string theory 
duality emerged around the mid to late 1990s that are described in this 
chapter: 


e Matrix theory 
e Anti-de Sitter/conformal field theory (AdS/CFT) correspondence 
e Geometric transitions 


Historically, string theory was introduced in the 1960s to describe hadrons 
(particles made of quarks and gluons that experience strong interactions). 
Strings would bind quarks and anti-quarks together to build a meson, as 
depicted in Fig. 12.1 or three quarks to make a baryon. As this approach was 
developed, it gradually became clear that critical string theory requires the 
presence of a spin 2 particle in the string’s spectrum. This ruled out critical 
string theory as a theory of hadrons, but it led to string theory becoming 
a candidate for a quantum theory of gravity. Also, QCD emerged as the 
theory of the strong interaction. The idea that there should be some other 
string theory that gives a dual description of QCD was still widely held, 
but it was unclear how to construct it. Given this history, the discovery 
of the dualities described in this chapter is quite surprising. String theory 
and M-theory were believed to be fundamentally different from theories 
based on local fields, but here are precise equivalences between them, at 
least for certain background geometries. In fact, it seems possible that 
every nonabelian gauge theory has a dual description as a quantum gravity 
theory. To the extent that this is true, it answers the question whether 
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quantum mechanics breaks down when gravity is taken into account with 
a resounding no, because the dual field theories are quantum theories with 
unitary evolution. 


© V/V V ® 


q q 


Fig. 12.1. A meson can be viewed as a quark and an antiquark held together by a 
string. 


The methods introduced in this chapter can be used to study the infrared 
limits of various quantum field theories. Realistic models of QCD, for exam- 
ple, should be able to explain confinement and chiral-symmetry breaking. 
These properties are not present in models such as M = 4 super Yang-Mills 
theory due to the large amount of unbroken supersymmetry. There is a vari- 
ety of ways to break these symmetries so as to get richer models, in both the 
AdS/CFT and geometric transition approaches. In this setting, phenomena 
such as confinement and chiral-symmetry breaking can be understood. 


Matrix theory 


With the discovery of the string dualities described in Chapter 8, it became 
a challenge to understand M-theory beyond the leading D = 11 supergrav- 
ity approximation. Unlike ten-dimensional superstring theories, there is no 
massless dilaton, and therefore there is no dimensionless coupling constant 
on which to base a perturbation expansion. In short, 11-dimensional su- 
pergravity is not renormalizable. Of course, ten-dimensional supergravity 
theories are also not renormalizable, but superstring theory allows us to 
do better. So one of the most fundamental goals of modern string the- 
ory research is to understand better what M-theory is. An early success 
was a quantum description of M-theory in a flat 11-dimensional space-time 
background, called Matrix theory. This theory is discussed in Section 12.2. 
Its fundamental degrees of freedom are D0-branes instead of strings. The 
generalization to toroidal space-time backgrounds is also described. Matrix 
theory is formulated in a noncovariant way, and it is difficult to use for ex- 
plicit computations, so the quest for a simpler formulation of Matrix theory 
or a variant of it is an important goal of current string theory research. 
Nevertheless, the theory is correct, and it has passed some rather nontrivial 
tests that are described in Section 12.2. 
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AdS/CFT duality 


By considering collections of coincident M-branes or D-branes, one finds a 
space-time geometry that has the features discussed in Chapter 10. The 
branes are sources of flux and curvature, and a warped geometry results. In 
certain limits the gauge theory on the world-volume of the branes describes 
precisely the same physics as string theory or M-theory in the warped ge- 
ometry created by the branes. In this way one is led to a host of remarkable 
gauge theory/string theory dualities. 

In their most straightforward realization, AdS/CFT dualities relate type 
IIB superstring theory or M-theory in space-time geometries that are asymp- 
totically anti-de Sitter (AdS) times a compact space to conformally invariant 
field theories.! Anti-de Sitter space is a maximally symmetric space-time 
with a negative cosmological constant. Even though it is spatially infinite in 
extent, one can define a boundary at infinity. For reasons to be explained, 
the space-time manifold of the conformal field theory (CFT) is associated 
with this boundary of the AdS space. Therefore, these are holographic du- 
alities. The name is meant to reflect the similarity to ordinary holography, 
which records three-dimensional images on two-dimensional emulsions. 

The conjectured AdS/CFT correspondences are dualities in the usual 
sense: when one description is weakly coupled, the dual description is 
strongly coupled. Thus, assuming that the conjecture is correct, it allows the 
use of weak-coupling perturbative methods in one theory to learn nontrivial 
facts about the strongly coupled dual theory. Just as Matrix theory can be 
regarded as defining quantum M-theory in certain space-time backgrounds, 
a possible point of view is that the AdS/CFT dualities serve to complete 
the quantum definitions of string theories and M-theory for another class 
of space-time backgrounds. Ideally, one would like to have a background- 
independent definition of these quantum theories, but that does not exist 
yet. Even so, what has been achieved is really quite remarkable. 

The AdS/CFT conjecture emerged from considering the space-time ge- 
ometry in the vicinity of a large number (N) of coincident p-branes. The 
three basic examples of AdS/CFT duality, which have maximal supersym- 
metry (32 supercharges), correspond to taking the p-branes to be either 
M2-branes, D3-branes, or M5-branes. The corresponding world-volume the- 
ories (in three, four, or six dimensions) have superconformal symmetry, and 
therefore they are superconformal field theories (SCFT). In each case the 
dual M-theory or string-theory geometry is the product of an anti-de Sitter 
space-time and a sphere: 


1 The conformal group in D dimensions was defined in Chapter 3. 
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e SCFT on N M2-branes > M-theory on AdS4 x S7, 
e SCFT on N M5-branes > M-theory on AdS7 x S$, 
e SCFT on N D3-branes +> type IIB on AdSs x $°. 


The background in each case has nonvanishing antisymmetric tensor gauge 
fields with N units of flux threading the sphere. This is clearly required by 
Gauss’s law, since the sphere surrounds the p-branes, each of which carries 
one unit of the appropriate type of charge. Because it is the case that 
is best understood, the duality based on coincident D3-branes in type IIB 
superstring theory is described in greatest detail. 

The AdS/CFT correspondence has various extensions and generalizations. 
One natural direction to explore is the possibility of a dS/CFT correspon- 
dence. Such a correspondence is much less well understood, however, since 
theories in a de Sitter space-time cannot be supersymmetric. dS/CFT dual- 
ity relates string theory on a D-dimensional de Sitter space to a Euclidean 
conformal field theory on a (D — 1)-dimensional sphere. One of the motiva- 
tions for such a conjecture is the observational evidence for a small positive 
cosmological constant, which suggests that the Universe is approaching a de 
Sitter cosmology in the far future. Such a correspondence might also have 
relevance for the very early Universe. Instead of the usual M-branes and D- 
branes, the extended objects that are required in this context are Euclidean 
objects, called S-branes, which are discussed in Section 12.1. 


Geometric transitions and topological strings 


Geometric transitions were originally discovered in the context of the type 
IIA string theory, but there is a mirror type IIB version of this duality and an 
M-theory interpretation of this transition. The basic idea of this approach is 
to construct an M = 1 supersymmetric, confining gauge theory by wrapping 
D5-branes on topologically nontrivial two-cycles of a Calabi-Yau manifold. 
The open string excitations on the D5-branes define a supersymmetric gauge 
theory. If moduli are varied so that the two-cycles shrink to zero size, the 
theory undergoes a geometric transition to a closed-string sector in which 
the D-branes disappear and fluxes emerge. Many quantities of the gauge 
theory, in particular the superpotential, can be computed in terms of fluxes 
integrated over suitable cycles. This is the subject of Section 12.6. 


12.1 Black-brane solutions in string theory and M-theory 
In order to discuss the above-mentioned dualities, let us start by introducing 
black p-brane solutions, which are higher-dimensional counterparts of four- 
dimensional classical black-hole solutions. The relevant equations of motion 
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are those that are obtained from the actions describing the low-energy limits 
of superstring theory and M-theory, which were discussed in Chapter 8. 
Higher-order corrections to these equations are not important in this context. 

Black-hole solutions in four dimensions are point-like and (in the absence 
of angular momentum) have SO(3) rotational symmetry. There is also an R 
symmetry associated with time-translation invariance. In higher dimensions, 
D > 4, it is also possible to obtain solutions that describe the geometry 
and other fields associated with black p-branes, which are p-dimensional 
extended objects surrounded by an event horizon. If the theory is initially 
formulated in D = d+ 1 dimensions, the presence of an extremal p-brane 
breaks the Lorentz symmetry 


SO(d,1) > SO(d — p) x SO(p,1). (12.1) 


The first factor describes the rotational symmetry transverse to the brane 
and the second factor describes the Lorentz symmetry along the brane. 
There are also translational symmetries along the brane that enlarge the 
Lorentz symmetry to a Poincaré symmetry. Moreover, we are mainly inter- 
ested in cases that have Killing spinors and preserve supersymmetries. In 
fact, the main focus here is on higher-dimensional analogs of extremal and 
near-extremal Reissner—Nordstrom black holes. In the nonextremal case the 
Lorentz symmetry along the brane is broken to a subgroup. 

The black M2-brane and M5-brane solutions of 11-dimensional supergrav- 
ity are considered first. Then we present the black Dp-brane solutions of the 
type II supergravity theories. 


Extremal black M-branes 


Chapter 8 presented the bosonic part of the 11-dimensional supergravity 
action, which is 


2k28 = Jiv (z- slr?) 


Varying the metric and the three-form gives the field equations that we wish 
to solve. Alternatively, as discussed in previous chapters, one can obtain 


1 
= 5 f As A F4 A Fa. (12.2) 


supersymmetric solutions by solving the Killing spinor equation 


1 
Um =Vme+ 5 (TuF® = 3F\y ) 2=0. (12.3) 


There are two types of solutions corresponding to the two types of BPS 
branes in M-theory, M2-branes and M5-branes, since these are the objects 
that are electric and magnetic sources of the four-form flux. 
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Extremal black M2-brane 


The supersymmetric (or BPS) M2-brane solution of the Killing spinor equa- 
tion should have SO(2,1) x SO(8) symmetry. The metric takes the form? 


ds? = H~?/3dx - dx + H!’ dy - dy, (12.4) 
while the four-form flux has the form 
Fy = dx? ^ dx! ^ dz? AdH™. (12.5) 


Since this has nonzero time components Fọoijk, it is an called electric field 
strength.® 

The symbol dz - dx represents the three-dimensional Minkowski metric 
along the brane, while dy - dy represents the Euclidean metric for the eight 
dimensions perpendicular to the brane. Denoting by r the radial coordinate 
in the transverse space, that is, r = |y], it turns out that the Killing spinor 
equation is solved if H solves the 8-dimensional Laplace equation.4 Thus, 
one of the solutions is 


r 
H=1+ E (12.6) 
where 
r$ = 327° N4 (12.7) 


and Nə is the number of M2-branes. This describes a source at r = 0, which 
is the black M2-brane horizon. The strength of the source is proportional 
to the M2-brane charge and hence the number of M2-branes, as is checked 
in Exercise 12.1. 

This solution describes the fields created by a set of flat coincident M2- 
branes in the supergravity approximation. The sources are the charge and 
energy density of the M2-branes. It is a straightforward analog of the ex- 
tremal Reissner—-Nordström black hole described in Chapter 11. 


Extremal black M5-brane 
The magnetic dual of the preceding solution is the black M5-brane describing 
the field configuration sourced by Ns coincident flat M5-branes in 11 dimen- 
sions. The BPS M5-brane solution must have SO(5,1) x SO(5) symmetry. 
Therefore, the metric takes the form 


ds? = H—-'3 da - dx + H? dy - dy, (12.8) 
2 The precise form of this solution is verified in Problem 12.1. 


3 Foijk and Fijpı are called the electric and magnetic components of F4, respectively. 
4 This structure is quite common. It also appeared at several points in Chapters 10 and 11. 
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where now dz - dz is the six-dimensional Lorentz metric, and dy - dy = 
dr? + r7dQ%4 is the five-dimensional Euclidean metric. As before, the powers 
of H are chosen such that a supersymmetric solution is obtained if H solves 
Laplace’s equation (this time in five dimensions), so that 


3 
T5 


H=1+3, (12.9) 
where 
rg = 0 N5€. (12.10) 
The four-form flux in this case is magnetic 
By = x (de®? Adah ^... Adz Nd"); (12.11) 


as expected for the black M5-brane solution. 


Near-horizon limits 
The extremal M2-brane solution has a horizon at r = 0. Let us write the 
perpendicular part of the metric in spherical coordinates 
dy - dy = dr? + rd. (12.12) 
Then as r — 0, the coefficient of dQ? has a finite limit 
r?H! > r2. (12.13) 


Therefore, rz is the radius of horizon, which in this case has topology S7 x R? 
times a null line. The 11-dimensional near-horizon geometry is 


ds? ~ (r/r2)*da + da + (r2/r)?dr? + r3dQ3. (12.14) 


The first two terms describe four-dimensional anti-de Sitter space, so alto- 
gether the near-horizon geometry of this extremal black M2-brane is AdS4 x 
Nes 


Anti-de Sitter space in (d+ 1) dimensions 


To understand the near-horizon geometry, let us describe (d+1)-dimensional 
anti-de Sitter space (AdSq+1) of radius R by the metric 


, 2 
aap dx Lin dz 


d (12.15) 


z 


5 You are asked to construct this solution in Problem 8.2. 
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where dz - dx represents the metric of d-dimensional Minkowski space-time. 
The first two terms in the near-horizon M2-brane geometry (12.14) are 
brought to this form by the change of variables 


ape (12.16) 
OS Dp? 
which gives R = r2/2. The AdS, radius is half the S7 radius. 
The horizon of the extremal M5-brane solution is again at r = 0, and it 
has the topology S4 x RŠ times a null line, where the spherical factor has 


radius r5. The near-horizon geometry in this case is 
ds? ~ (r/rs)da - dx + (r5/r} dr? + r2dQ3. (12.17) 


The change of variables r = 4r3/z? shows that the first two terms again 
describe an anti-de Sitter space with R = 2rs, so the near-horizon geometry 
is that of AdS7 x St. The AdS7 radius is twice the S* radius. 

The AdS4 x S7 and AdS7 x St geometries discussed above have been ob- 
tained as the near-horizon geometries of a collection of coincident M2-branes 
and M5-branes, respectively, embedded in an asymptotically Minkowski 
space-time. However, they have a more far-reaching significance than that. 
They are exact BPS solutions of M-theory. Not only do they solve the equa- 
tions of motion of 11-dimensional supergravity, but they solve the equations 
of M-theory including all the (mostly unknown) higher-order corrections to 
the low-energy effective action. This result is established by arguing that all 
higher-order corrections necessarily give vanishing corrections to the equa- 
tions of motion when evaluated in these backgrounds as a consequence of 
their high symmetry. The same is true for the AdS5 x S° solution of the 
type IIB theory discussed below. 


Extremal black D-branes 


The construction of extremal black D-brane solutions can be carried out in 
the same way as that of black M-brane solutions. In this case the action 
that is required is a type II supergravity action. However, if the goal is to 
construct a black Dp-brane, then the only one R-R field, Cp41 with field 
strength Fp+2 = dCp41, needs to be included in the action. Also, the NS- 
NS two-form vanishes, and therefore it can be dropped. Thus, the required 
string-frame action, which can be read off from Section 8.1, is 


1 
g®) = aa |v je (R + 4(0®)*) — 5|Fo+2|*| d°. (12.18) 


618 Gauge theory/string theory dualities 


When p is even this is a type IIA action and when p is odd it is a type IIB 
action. In the special case p = 3, the constraint F5 = «Fs has to be imposed 
and an extra factor of 1/2 should be inserted in the Fs kinetic term. While 
the problem is conceptually the same as the black M-brane problems, and 
the solutions are very similar, there is one significant difference. This is the 
presence of the dilaton field ®. The solution has a spatially varying dilaton 
field for all values of p except for p = 3. 
The extremal black Dp-brane solution has the metric 


ds* = Hoda -dz + H}? dy - dy, (12.19) 
where the harmonic function H, is given by 
Ap(r) =1+ (2) 

T 


As before, dx - dx is the (p + 1)-dimensional Lorentz metric along the brane 


7 
j (12.20) 


and dy- dy = dr? +r’dO p is the Euclidean metric in the 9— p perpendicular 
directions. The dilaton is given by 


eS gel Pe. (12.21) 


Problem 12.15 asks you to verify these formulas. 

Since H, — 1 as r — ov, the dilaton approaches a constant. Thus, 
the parameter g, is the string coupling constant at infinity. This formula 
displays the important fact that the dilaton is a constant for p = 3 only. If 
p < 3, the coupling becomes large for r — 0, which puts the system in a 
nonperturbative regime, where the solution is unreliable. 

The R-R field strength is 


Foro = dH, Ada? Adat A... Ada, (12.22) 
which is realized for the R-R potential 
Co1..p = Hp(r)7' — 1. (12.23) 
This can be rewritten in the form 
Fp42 = Q x wep, (12.24) 


where Q is the D-brane charge and wp is the volume form for a unit n-sphere. 
This form ensures that xF integrates over the sphere to give the charge, as 
required by Gauss’s law. In the special case of p = 3 this should be replaced 
by 


Fy = Q(ws + Ws ) (12.25) 
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in order to incorporate self-duality. Using the formula Gio = 87°g?@8 from 
Chapter 8 and 


Tip = On) ee os (12.26) 


from Chapter 6, one obtains 
(rpl)? = (2VT)5 PT (5?) gsN. (12.27) 


The extremal black D3-brane 


In the special case of p = 3 the formulas above give a constant dilaton. In 
this case, letting r3 = R, Eq. (12.27) takes the form 


R* = 4rg,Na”. (12.28) 
Furthermore, the near-horizon limit of the metric takes the form 
ds? ~ (r/R)?dx - da + (R/r)*dr? + R?d02. (12.29) 


The change of variables z = R?/r brings this to the form 





; 2 
ds? Be R? dx see dz 


+ R2dQ?2. (12.30) 
This shows that the near-horizon geometry is AdS; x S°, where both factors 
have radius R. 


Nonextremal black D-branes 


The extremal black D-brane solutions, which describe the geometry and 
other fields generated by a set of coincident D-branes, are supersymmetric. 
However, the equations of motion following from the action Eq. (12.18) also 
have nonsupersymmetric charged solutions, which are called nonextremal 
black p-branes (see Problem 12.6). We only consider p < 7 here, since the 
other cases are somewhat special and not relevant to the discussion in the 
remainder of this chapter. For p < 7 the line element is given by 


ds? = -A4 (r)A- (r) "dt? + A (r) drda’ 


+A (r) TA (r dr? + r?°A (r Pd p, (12.31) 


6 7-branes have a conical deficit angle at their core, like point particles in D = 3. Their geom- 
etry is discussed in Chapter 9 in connection with F-theory. 8-branes are domain walls in ten 
dimensions that divide the space-time into disjoint regions and 9-branes are space-time-filling. 
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where x’, i=1,...,p, describes the spatial coordinates along the brane, 
y=-5- = (12.32) 
and 
Aa(r) =1- (m=). (12.33) 
The dilaton and electric field are given by 
e? = g.A_(r)@-9)/4 (12.34) 
and 
xFp+2 = Qws-p, (12.35) 


respectively. Here, wn is the volume form for the unit n-sphere, so that 
Jun =O, and N = QQs-p, the R-R charge of the brane, is an integer. 


Nonextremal black D8-branes 


The case p = 3 is again special because the brane is self-dual. In this case 
one has 


Fy = Q(ws + Ws). (12.36) 


Also, when p = 3 it follows from Eqs (12.32) and (12.34) that the dilaton is 
constant and y = —1. 

To recover the extremal solutions with r} = r_, discussed in the previous 
section, one should make a change of radial coordinate like in the previous 
chapter for extremal Reissner—Nordstr6m black holes. Namely, define 7 by 





PTP = pP piP, (12.37) 


so that in this new coordinate the horizon is at f = 0. 


Mass and charge of the solutions 


The solutions given above are two-parameter families of solutions labeled by 
r4 and r_. These radii are in turn related to the mass per unit p-volume 
T and the charge per unit volume Q, as in the case of Reissner-Nordstr6m 
black holes. These solutions have an event horizon at r = r} and an inner 
horizon at r = r_. The mass per unit volume and charge of the black 
Dp-brane are related to the radii r+ by 


Qs 
TSS 
2K 40 








[8 —p)rP — r? (12.38) 
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and 


ga! a (ryr_)T-P/2, (12.39) 


respectively. The charge is determined by the asymptotic behavior of the 





gauge field in the usual way. The mass density is determined by the asymp- 
totic behavior of the geometry by a standard prescription of general relativ- 
ity known as the ADM mass formula. 

As in the case of the Reissner—Nordstrém black hole, the singularity at 
r = 0 is shielded by the horizon provided that r} > 0. In the case of 
Dp-branes, the inequality r} > r_ is equivalent to the Bogomolny bound 


T > NTpp, (12.40) 


where Tp, is the tension of a single BPS D-brane, given in Chapter 6. Thus, 
extremal black Dp-branes saturate the bound and are supersymmetric. 


Gregory—Laflamme instability 

Under certain circumstances, nonextremal black p-branes can be unstable to 
break up into black branes of lower dimension. This instability is caused by 
the different shapes that horizons of black branes can have in string theory. 
Accordingly, there are different entropies. Indeed, in four dimensions event 
horizons are always spherically symmetric, but in higher dimensions the 
event horizons can have different topologies, as discussed in Chapter 11. A 
higher-dimensional black brane decays into lower-dimensional branes, if in 
the process the entropy increases. This is the basic idea of the Gregory— 
Laflamme instability. 


ve RA 
r r 
i 1 
1 
` \ 
` ` 


— 
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Fig. 12.2. A black string breaks into black holes if the entropy becomes larger in 
this process. 


Let us illustrate the idea with the example illustrated in Fig. 12.2. Imagine 
that one considers an uncharged five-dimensional black string, which is given 
by the product of a four-dimensional Schwarzschild solution times the real 
line. Imagine wrapping this string on a circle of radius R. Denoting the 
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Schwarzschild radius by r;, the mass is proportional to rı R and the entropy 
is Sı ~ r?R. Now consider a black hole that is localized on the circle. This 
can be constructed by starting with a periodic array with spacing 27R on 
the covering space. Denoting the radius of this black hole by ro, its mass 
is proportional to r2 and the entropy is So ~ rë. Now let us equate the 


masses. We then obtain the following relation for the entropies 


Sy ro 
— = k— 12.41 
at = at (12.41) 


where k is a numerical constant that is not relevant for the present discus- 
sion. Thus, holding the mass fixed, Sı > So for R < Re and S1 < So for 
R > Re, where Re is the critical radius at which the entropies are equal. 

Intuitively, the lower-entropy configuration is unstable and decays into 
the higher-entropy configuration. In other words, for large enough radius, 
the black string decays into an array of black holes. More generally, a long 
enough segment of black string must break. This is somewhat like a QCD 
string, which can break if a quark—antiquark pair is formed at the endpoints. 
The existence of this instability has been confirmed by studying the world- 
volume theory of the black string and showing that it develops a tachyonic 
mode for R > Re. 


S-branes 


The black-brane solutions that have been described so far are static solutions 
of the low-energy effective action of string theory. However, since space and 
time appear on an equal footing in relativity, one should also be able to 
construct time-dependent solutions. This is the case, and there are solutions 
called S-branes that are quite similar to Dp-branes. They satisfy Dirichlet 
boundary conditions, but now in the time direction. Like conventional Dp- 
branes, they have a perturbative interpretation as hyperplanes on which 
strings can end, and they can be obtained as solutions of the equations of 
motion. 


S-branes in field theory 


The simplest example of an S-brane can be found in a four-dimensional field 
theory with one scalar field ¢ and the potential 


V(e) = (8 —@*)?, (12.42) 
where ¢ is real. There are two classical minima located at 


$ = p+ = +a. (12.43) 
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A time-dependent configuration is constructed by choosing initial conditions 

o(#,0)=0 and  ¢(#,0) =v. (12.44) 
If v is chosen to be positive, then after a sufficient amount of time, that is, 
for t — +o, the scalar approaches the ¢, minimum. The time-reversed 
process would start at ¢ = @_ for t = —oo and then evolve to ¢(#,0) = 0. 








Altogether, for the desired solution, ¢ — +a for t + +00. This solution is 
called a space-like brane, or S-brane, to contrast it with a D-brane which 








would take @ — +a for x — too. 

S-branes couple to tensor fields, pretty much as D-branes do. For example, 
an $0-brane, which is defined to have one spatial dimension, couples in 
four dimensions to an electromagnetic field. The corresponding Maxwell 
equations are 


dF=0 and ËF =dz6(t)6(x)6d(y). (12.45) 


This corresponds to an S0-brane extended in the z-direction. Note the ô(t) 
on the right-hand side of the second equation. This describes the fact that 
S-branes are localized in time and underscores the difference from D-branes. 
The solution of Maxwell equations in this case is 








F=Re|dzAd f ; (12.46) 
Vt — «2 — y2 — ie 


S-branes in string theory 


There are several ways of describing S-branes in string theory. In pertur- 
bation theory they can be represented as branes with Dirichlet boundary 
conditions in the time direction. They can also be obtained as Euclidean 
analogs of the black-brane solutions. The simplest example of such a con- 
struction is an S0-brane solution in four dimensions, which can be obtained 
from the Schwarzschild solution by analytic continuation. The SO(3) radial 
symmetry of the black-hole solution is replaced by the hyperbolic symmetry 
SO(2, 1). 
Starting with 


2M 2M\ 7! 
ds? = — (1 = =n) dt? + (1 = z dr? + r?(sin? 8de? + dé”), (12.47) 





and transforming t > ir, r — it, 0 — 10, M — iP yields 


2P\ * 2P 
ds? = — (1 — z=) dt? + (1 - =) dr? + dd?, (12.48) 
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where 
d>? = sinh? 6d¢? + d0? (12.49) 


is the metric of the hyperbolic space in two dimensions. Making a change 
of coordinates given by 


t = 2P cosh?(n/2), (12.50) 
with —oo < 7 < œ, the metric takes the form 
ds” = C?(n) (—dn* + dd”) + D?(n)dr’, (12.51) 
with 
ii eye. z n 
(n) = t(n) and D(n) = tanh (2) ; (12.52) 


The S0-brane is localized at the horizon where 7 = 0. Solutions for Sp-branes 
have also been constructed. They provide time-dependent backgrounds, 
which could play an interesting role in cosmology. However, they are difficult 
to study, since they are not supersymmetric. S-branes play a prominent 
role in the dS/CFT correspondence, which is an interesting analog of the 
AdS/CFT correspondence discussed in this chapter. Since the Universe has 
a positive cosmological constant, it is natural to search for such an analog. 
Defining a quantum theory of gravity in dS space is difficult, and it is not 
described in this book, but it is a promising direction to explore. 





EXERCISES 





EXERCISE 12.1 
Relate the horizon radius r2 in Eq. (12.6) to the number of M2-branes No. 


SOLUTION 


The rule for computing the mass of a black hole given in Chapter 11 needs to 
be slightly generalized. The generalization is to ignore the spatial dimensions 
along the brane and interpret the result as a tension (mass per unit volume). 
In the present case this gives 


167G11 NoT 2 
9Q7r6 





2 
goo ~ —1 + nE =-l4 


Here, Gy, = 16770 is Newton’s constant in 11 dimensions, Q7 = 74/3 is 
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the volume of a unit seven-sphere,’ and Tyy2 = (ria aad os 3 is the tension of 
an M2-brane. Putting these together gives 


r$ = 327? Nol). 














EXERCISE 12.2 
Describe the zero-charge limit of the nonextremal black p-brane solution. 


SOLUTION 


In the special case of an uncharged black p-brane, which can be achieved 
by starting with an equal number of branes and antibranes, r_ = 0, so that 
A_ =1. Then the solution collapses to 


ds? = —A,(r)dt? + dx'dx' + Aj (r) tdr? 4 rede p 


which is the (10 — p)-dimensional Schwarzschild metric times p-dimensional 
Euclidean space. In this case the dilaton is a constant, the tension of the 
brane is proportional to ri? /Gio and the entropy per unit p-volume is 





proportional to re? /Gio. m 
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The analysis of brane configurations and their near-horizon geometry leads 
to some extremely remarkable duality conjectures. Historically, the first 
one of these dualities was Matriz theory, so let us begin our discussion of 
gauge/gravity dualities with this example. 

As discussed in Chapter 8, M-theory is believed to be a consistent quan- 
tum theory of gravity in 11 dimensions. Although we do not have a precise 
formulation of quantum M-theory, several aspects are well understood: 


e There are numerous dualities relating superstring theories to specific com- 
pactifications of M-theory. 

e At low energies and large distances M-theory reduces to 11-dimensional 
supergravity. 


Matrix theory constitutes an important step towards understanding quan- 
tum M-theory when all 11 dimensions are noncompact, and it has general- 
izations that characterize certain compactifications. 
7 As explained in Chapter 11, Qn = 2r +1)/2 [P((n + 1)/2)]7?. 


8 The originators (Banks, Fischler, Shenker and Susskind) called it M(atrix) theory, since it 
relates to M-theory. We choose to omit the parentheses. 
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Matrix theory in the infinite-momentum frame 


The Matrix-theory conjecture states that M-theory in the infinite-momentum 
frame is described by a specific supersymmetric matrix model. The only dy- 
namical degrees of freedom (or partons) are identified as the D0-branes of 
type IIA superstring theory, so that the calculation of any physical quantity 
in M-theory can be reduced to a calculation in the Matrix-model quantum 
mechanics. Recall that type IIA superstring theory corresponds to M-theory 
compactified on a circle of radius R, and the D0-brane corresponds to the 
first Kaluza—Klein excitation of the massless fields (or supergraviton) of M- 
theory on this circle. A general Kaluza—Klein excitation is a point-like object 
whose 11-component of momentum is 


zA (12.53) 
PU = R’ i 


where N is an integer. From the ten-dimensional perspective, this is in- 
terpreted as a threshold bound state of N DO-branes. The term infinite- 
momentum frame refers to the limit in which pj; and N go to infinity. 

Chapter 6 described the world-volume theories of various D-branes and 
collections of D-branes. In particular, the action describing a system of 
N D0-branes is ten-dimensional super Yang-Mills theory dimensionally re- 
duced to 0+1 dimensions supplemented by higher-order corrections (of the 
Born-Infeld type). The claim, however, is that these higher-order terms do 
not contribute in the infinite-momentum frame, and therefore the bosonic 
part of the Lagrangian is given precisely by 


i ae = 1\2 1 a J\2 
c= (D-XŻ) +507), (12.54) 


where i = 1,...,9 labels the transverse directions. This quantum mechanical 
system has a U(N) gauge symmetry. 


Matrix theory and DLCQ 


In the original formulation of the conjecture, which relates M-theory to 
Matrix theory, an N — oo limit was required. Later, a somewhat stronger 
version of the conjecture was formulated for finite N. This version states 
that the discrete light-cone quantization (DLCQ) of M-theory is exactly 
described by the U(N) Matrix theory in Eq. (12.54) supplemented by the 
usual fermion terms. In the DLCQ approach, the circle is chosen to be in 
a null direction rather than space-like. For a null circle, the radius R has 
no invariant meaning, but the integer N does. The DLCQ predictions agree 
with the infinite-emomentum frame ones in the limit N — oo. 
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To test this conjecture, some quantities can be computed in both M- 
theory and Matrix theory and can then be compared for finite N. This can 
be done by computing the effective action for the scattering of two (groups 
of) D0-branes. This conjecture has been verified up to two loops in the gauge 
theory, beyond which calculations in Matrix theory become very difficult, 
though they are well defined. 


Super Yang-Mills action in 0+1 dimensions 


To compute the effective action for two D0-branes, the background-field 
method is used. This is a technique that allows a gauge choice to be made 
and quantum computations to be carried out without sacrificing manifest 
gauge invariance. The complete gauge-theory action is obtained from ten- 
dimensional super Yang—Mills theory dimensionally reduced to 0+ 1 dimen- 
sions. 


The Matriz-theory action 


After covariant gauge fixing, the Lagrangian contains a U(2) gauge field A,,, 
a gauge-fixing term and ghost fields. The complete Lagrangian is 


1 2 peers 1 = 2 
L=Tr (=F — ipDy + D"A) ) + Lg, (12.55) 


where F, is a U(2) field strength with u,v = 0,...,9, y is a real 16- 
component spinor in the adjoint of U (2) and Lg is the ghost Lagrangian, 
whose explicit form is given in Problem 12.14. For the gauge-fixing term, it 
is convenient to use the background-field gauge condition 


D"A, = OMA, + [BY, Aul, (12.56) 


where B, is the background field. After dimensional reduction to 0+1 di- 
mensions, the field strength and the derivative of the fermionic fields can be 
expressed in terms of the matrices X; as 


Foi = -Xi + [A, Xi], 


Fj = [Xi, X;], 
Dy = rY + [A, 4], (12.57) 


Here, A denotes the zero component of the gauge field in Eq. (12.55). Setting 
g = 2R in Eq. (12.55), we recover Eq. (12.54). 
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This action can be expanded around a classical background B’ by setting 
X’ = B+ Joy’, (12.58) 


where Y* represents the quantum degrees of freedom. For example, to de- 
scribe the motion of two DO-branes on straight lines, one chooses the back- 
ground fields 

UT 3 


b 
B! = ize and BB? = i30”. (12.59) 


Here, v is the relative velocity of the two D0-branes, b is the impact param- 
eter and g? is a Pauli matrix. Furthermore, B’ = 0 for i = 0 andi =3,...9. 
A convenient form of the action is written in terms of U (2) generators by 
decomposing the fields in terms of Pauli matrices, 


A= 5 (Aol + Ago’), (12.60) 


and similarly for the fields Xt and w. The zero components of this decom- 
position describe the motion of the center of mass and are ignored in the 
following. The Lagrangian is now a sum of four terms 


p= Ly + LA + Lg T Lfermi; (12.61) 


whose explicit form is given in Problem 12.14. 


The field content 


Since A and the X’ are ten traceless 2 x 2 matrices, they give 30 bosonic 
fields. Defining 


r? =b + (ur)?, (12.62) 


one finds that the bosonic Lagrangians Ly and £4 are described in terms of 
16 bosons with mass-squared me = r?, two bosons with m2 = r? + 2v, two 
bosons with me = r? — w and ten massless bosons. All these fields are real. 
The ghost action is described in terms of two complex bosons with me =r? 


and one complex massless boson. 


Feynman rules for Matrix theory 


There are two possible approaches to compute the gauge-invariant back- 
ground field effective action. The first one treats the background field ex- 
actly, so that this field enters in the propagators and vertices of the theory. 
To compute the effective action, one has to sum over all 1PI graphs without 
external lines. The second approach treats the background field perturba- 
tively, so that it appears as external lines in the one-particle irreducible 
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(1PI) graphs of the theory. Here, the first approach is followed, and the 
background field is treated exactly. 

We can now derive the Feynman rules. The explicit form of the vertices 
can be read off from the actions described in Problem 12.14, where cubic and 
quartic vertices appear. The concrete form of the propagators can be easily 
obtained, since the problem can be mapped onto the problem of finding the 
propagators for the one-dimensional harmonic oscillator. By definition, the 
propagators of the bosonic fields solve the equation 


(—0? + u? + (vr)*)Ag (r, T'u? + (vT)’) =6(r-1'), (12.63) 





where u? = b? or b? + 2u depending on the type of boson that one is consid- 
ering. This is nothing but the propagator for a one-dimensional harmonic 
oscillator, so that the propagators of all the bosonic fields take the form 


Ag (T, T'| u? + (vr)?) 


= [tse / v es | v (e r) 
0 27 sinh 2sv 2 sinh 2sv 

(12.64) 
The propagator of the fermionic fields is the solution to the equation 








(-0, + mF) AF (7,7'| mF) = 6(7 -= 7’), (12.65) 


where mF = vT71 + b72 is the fermionic mass matrix. Using gamma matrix 
algebra, it is verified in Exercise 12.13 that the fermionic propagator can be 
expressed in terms of the bosonic propagator by 


Ag(r,1'| mp) = (Or + mF) Ag (7,7'|r? — om). (12:68) 


This is a Dirac-like operator acting on a bosonic propagator of a particle 
with mass r? — v7. Since Eq. (12.64) provides a closed expression for Ag, 
one can use Eq. (12.66) to obtain an exact expression for the fermionic 
propagator Az. Diagonalizing the mass matrix we find that our theory 
contains eight real fermions with mass m = r? +v and eight real fermions 


2 _ y. The third component of 7 is massless. The effective 


with m? = 
action can be derived using these Feynman rules. The one-loop effective 


action is considered first. 


One-loop effective action 


The one-loop effective action can be characterized by a potential V (r), which 
is related to the phase shift ô in the scattering amplitude of the two D0- 
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branes by 
ô(b, v) = - far V(b? + v7"), (12.67) 


The phase shift is obtained from the determinants of the operators —02 +M? 
that originate from integrating out the massive degrees of freedom at one- 
loop. The result for the one-loop determinants is 


det*(—0? + r? + v) det*(—8? + r? — v) 


det™!(—8? + r? + 2v) det™'(—87 + r? — 2v) det (—3? +r), (12.68) 


where the first line is the fermionic contribution and the second line is the 
bosonic contribution. In a proper-time representation of the determinants 
the phase shift is written as 





œ ds e7 
ô= | — (3 — 4cosh su + cosh 2sv) . (12.69) 
9 s sinhsv 
The integrand can be expanded for large impact parameter, and one ob- 
tains to leading order in inverse powers of r 


o 415 vt 
= aaa 
As shown in the next section, this is precisely the result expected for a single 
supergraviton exchange in 11 dimensions. Therefore, (0 + 1)-dimensional 
Matrix theory seems to know about the propagation of massless modes in 
11 dimensions! Of course, one would like to check if this agreement holds 
beyond one-loop order, so the two-loop effective action is computed next. 


V(r) (12.70) 


Two-loop effective action 
Feynman diagrams that contribute 


The two-loop effective action is given by the sum of all diagrams of the form 
contained in Fig. 12.3. The propagators for the fluctuations Y and the gauge 
field A are indicated by wavy lines, ghost propagators by dashed lines and 
the solid lines indicate the fermion propagators. The explicit expression is 


J iMAC tm) a(n, rima) (12.71) 


for the diagram involving the quartic vertex A4, where A, and Ag are the 
propagators of the corresponding particles with masses mı and mg, respec- 
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Fig. 12.3. Feynman diagrams that contribute to the two-loop effective action. The 
different types of lines represent different fields, as explained in the text. 


tively. Similarly, 


J rar PAP arte T'|m1)A2(T, T'|m2)As3(r, 7’|m3) (12.72) 


for the diagram involving the cubic vertices a9 and ee 


Massive states that contribute 

Let us see what masses are involved in these diagrams. Equation (12.71) is 

well behaved when mı and mg are both different from zero. If mı = 0, it 
contributes 

dp 

p? 


to the relevant integrals. However, this expression vanishes in dimensional 


(12.73) 


regularization. Dimensional regularization of ill-defined integrals is defined 
by requiring three properties: translation symmetry, dilatation symmetry 
and factorization. Invariance under dilatations imposes the condition that 
the integral Eq. (12.73) vanishes. Therefore, diagrams containing a quartic 
vertex only contribute when they involve two massive particles. A similar 
argument for Eq. (12.72) leads to the conclusion that exactly one massless 
state is present, as otherwise the corresponding diagram vanishes. 


Nonrenormalization theorem for the vt term 
Dimensional analysis of the two-loop effective action gives g£2, which has 
an expansion of the form 


v? v4 


1 
L = H pri 12.74 
2 = 0072 + Og 7. 4 10 + ( ) 
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Odd powers in v in this series are missing because of time-reversal invariance. 
The a; s are numerical coefficients that are determined by computation of the 
Feynman diagrams. This is a cumbersome but straightforward calculation. 
Only the final results are quoted here. First, the coefficient of the v4/r!° 
term, which appears at two loops in Matrix theory, turns out to be equal to 
zero once all the contributions coming from bosons and fermions are added 
up. The vanishing of this numerical coefficient is in agreement with the 
nonrenormalization theorem for the vt term appearing in Matrix theory and 
is required in order to have agreement with M-theory, as shown in the next 
section. So Matrix theory has passed the first two-loop test: the vanishing 
of the v+/r!° term. However, this is only one term in the effective action for 
two D0-branes. 


Dimensional analysis of the two-loop effective action 


By dimensional analysis, described in Exercise 12.4, the allowed terms have 
a double expansion in v and r of the following form 

















oo o0 y2nt2 
gL = `> g” Lm = coov? + oy Cmn” amn" (12.75) 
m=0 mn=1 
Specifically, 
Lo = Coo v? 
T uê v8 
L = cua + ezm C1375 
vt vê vS (12.76) 
CEE e eg C2378 z 
yt vê vS 
L3 = c31zī3 T C3277 €33 737 


The subscript on £n labels the number of Matrix-theory loops. It has just 
been argued that the cjg vanishes. As a test of the conjectured duality, let 
us now explore how this result arises from the M-theory point of view. 


Comparison with M-theory and more predictions 


In this section M-theory amplitudes are computed and compared to the 
Matrix theory predictions described above. 


Probe and source gravitons 


The calculation is set up in such a way that, when two gravitons scatter, 
one of the gravitons is taken to be heavy and serves as the source graviton. 
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The other graviton is light and is the probe graviton. The way this can make 
sense is for the two gravitons to have momenta p- = N/R and p- = N2/R, 
and for N; to be much larger than No, so that the first graviton is the source 
of the gravitational field. Note that the circle is null, as required for DLCQ. 
The source graviton is taken to have vanishing transverse velocity. Its 
worldline is z7 = x’ = 0 and it produces the Aichelburg-Sexl metric 


Gi =a aes (12.77) 
where the only nonvanishing component of hy, is 


h = 2K? pe. Cpe 15r Nı 
a Tgr" RMÌr'” 








(x7). (12.78) 


Here, «7, = 167° /M5 , where Mp is the 11-dimensional Planck mass up to a 
convention-dependent numerical factor, and Qg is the volume of the eight- 
sphere. This metric is obtained from the Schwarzschild metric by taking 
the limit of infinite boost in the + direction while the mass is taken to 
zero. The latter accounts for the absence of higher-order terms in 1/r or Nj 
dependence. The source graviton is in a state of definite p_ so the average 
over the x7 € (0, 27r R) direction gives 
15Ny 














(a) (b) 


Fig. 12.4. Matrix theory Feynman diagrams. (a) illustrates a probe graviton (thin 
straight line) interacting with the metric of the source graviton (heavy straight line) 
at second order in perturbation theory. (b) illustrates a nonvanishing nonlinear 
correction to the metric of the source. 
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Action for probe graviton 


The action of the probe graviton in this field is now determined. To find it, 
it is sufficient to consider the action for a massive scalar, since spin effects 
give a more rapid fall off with r. 


S = -m f dr(—G,yite"? (12.80) 
m -m f ar (t= hoa) , 


where the form of the Aichelburg-Sexl metric was used with xt = r. A dot 
denotes a T derivative, and v? = #’a’. This action vanishes if m — 0 with 
fixed velocities, but for the process being considered here it is p_ that is to 
be fixed. We therefore carry out a Legendre transformation on x7: 


thata 


(247 — v2 — hi7)! 





p-=m (12.81) 


The appropriate Lagrangian for x’ at fixed p_ is (minus) the Routhian, 
L'(p-) = —R(p-) = L- p-ti (p-). (12.82) 


Equation (12.81) determines t7 (p_); it is convenient before solving to take 
the limit m — 0, where it reduces to G yt”t” = 0. Then 


ras 2_ 
Fre sit aay (12.83) 


h—— 





In the m — 0 limit at fixed p_ = N2/R the effective Lagrangian becomes 


12E v hat h2._v® 
ea a aa) a Sg S 





— No 9 15 NiNg v* | 225 NÊN vê | 
TR” t I6RMIr 64 RMT eee 





In this formula the explicit dependence on R? Mp has been restored by di- 
mensional analysis. The second and third terms correspond to the diagrams 
in Fig. 12.4. 

What do we see from this expression? 


e The v and r dependencies exactly match with the diagonal terms (m = n) 
appearing in the previous section, and the N dependence agrees with the 
leading large-N behavior N’+!, where L is the number of loops. 

e The coefficient of the v4/r’ term agrees with the one-loop Matrix-theory 
result. 
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e The absence of a two-loop term gu*/r!° is in agreement with the previous 
Matrix-theory result. It reflects the existence of a nonrenormalization 
theorem for the v4 term. 


There appears a new term with a coefficient 225/64 that should correspond 
to a two-loop term in Matrix theory. Can Matrix theory reproduce this 
two-loop coefficient? Computing the v°/r!4-term in Matrix theory by 
extending the calculation of the two-loop v4-term, precise agreement has 
been achieved. 


Reproducing the N dependence 


Next, the N dependence of this result needs to be reconstructed. Recall 
that we are considering the scattering of two DO-branes in Matrix theory. 
To get the right Nı and Nə dependence, one must consider the scattering of 
a group of N; DO0-branes against Nə D0O-branes. One can easily reconstruct 
the N-dependence of this scattering process. In double line notation, every 
graph involving three index loops is of order NÌ. Terms proportional to N? 
or N3 would only involve one block (graviton) and so could not depend on r. 
Symmetry under the interchange of Nı and N2 determines that the SU (2) 
result is multiplied by 


Nı N2 + N?N? 


12. 
ia, (12.85) 


which agrees with the supergravity result for the terms of interest. Finally, 
restoring the dependence on M and R, the two-loop result of Matrix theory 
is precisely the result found in the supergravity calculation Eq. (12.84). 

This highly nontrivial agreement is a strong test of the Matrix theory 
conjecture. As pointed out earlier, calculations become very difficult in the 
Matrix-theory picture at higher orders, but there is no reason to anticipate 
problems. 


Matriz theory for toroidal compactifications 


Let us now consider what happens when p of the transverse dimensions in the 
previous construction are taken to form a torus TP. Requiring consistency 
with some of the dualities discussed in previous chapters provides some 
additional tests of the Matrix-theory conjecture. 

In Chapter 8 it was argued that, when M-theory is compactified on a T?, 
the resulting theory has a nonperturbative U-duality symmetry that is given 
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by E,(Z). Let us recall the first few cases of this group: 


Eo(Z) = SL(2, Z), £3(Z) = SL(3,Z) x SL(2, Z), E4(Z) = SL(5, Z). 

(12.86) 
It is an interesting test of the Matrix-theory proposal to see whether it 
can reproduce these symmetries. First of all, compactification on T? gives 
a modular symmetry SL(p, Z) as a straightforward geometric symmetry. 
So this gives the full result for p = 2, but only a subgroup of the desired 
symmetries for p > 2. Recall that Chapter 8 attributed the enhancement of 
SL(p,Z) to E,(Z) to a nongeometric duality of M-theory. So the question 
is whether Matrix theory is smart enough to know about such nongeometric 
dualities. 

Let us now consider the problem from the Matrix-theory side. To start 
with, we have a system of N D0-branes on a geometry containing a torus T”. 
It is very convenient in this case to carry out T-duality transformations along 
all of the torus directions. That leads to a system in which the compact space 
consists of the dual torus T P which is wrapped by N Dp-branes. The world- 
volume theory of these Dp-branes is maximally supersymmetric Yang-Mills 
theory on the dual torus assuming that it remains true that higher-dimension 
corrections can be dropped in the infiniteemomentum frame. Thus, it is a 
gauge theory in p+1 dimensions. So the question arises whether the required 
symmetry enhancement for p > 2 can be understood in terms of these gauge 
theories. 

The first nontrivial case is p = 3. This is our old friend M = 4 super 
Yang-Mills theory in D = 4, which features prominently in the remainder 
of this chapter. In the present setting it is compactified on T*, which gives a 
geometric SL(3, Z) duality group. However, as was discussed in Chapter 8, 
this gauge theory also has a nonperturbative SL(2, Z) S-duality group. So 
the full duality group is SL(3, Z) x SL(2, Z) exactly as desired. 

Next, let us consider the case p = 4. This leads us to consider super 
Yang-Mills theory in 4+ 1 dimensions. One may be tempted to reject this 
as nonrenormalizable, but let us proceed anyway. The duality group of 
the torus is SL(4, Z), but the desired group is SL(5,Z). The clue to what 
happens is given by the observation that the Yang-Mills coupling constant 
gym in five dimensions has the dimensions of a length. The claim is that 
this gauge theory generates a fifth spatial dimension, which is a circle, and 
the size of this circle is controlled by gym. This is reminiscent of how type 
IIA string theory grows an extra dimension at strong coupling. 

In fact, we already know that this is true. The five-dimensional gauge the- 
ory in question is the world-volume theory of a set of coincident D4-branes 
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in the type IIA theory. However, we know that, from the M-theory view- 
point, D4-branes are really M5-branes that wrap the extra spatial dimension 
that M-theory provides. Thus, the D4-brane system is better viewed as a 
set of M5-branes wrapping a T°. The desired SL(5,Z) duality group is 
then recognized to be the modular group of this torus. This six-dimensional 
world-volume theory is believed to be a well-defined quantum field theory. 
The reason its discovery was made relatively recently is that it is strongly 
coupled in the UV, and therefore it does not have a simple Lagrangian de- 
scription. 

The situation for p > 4 is even more challenging and has not been worked 
out in detail. However, it should be clear already that Matrix theory is 
capable of capturing a great deal of subtle physics. In fact, its validity can 
be deduced from the gauge theory/string theory dualities considered in the 
next section. 





EXERCISES 





EXERCISE 12.3 
Show that the fermionic propagator can be expressed in terms of the bosonic 
propagator as indicated in Eq. (12.65). 


SOLUTION 
Comparing Eqs (12.63), (12.65) and (12.66), we need to show that 
(0, — vry — by2) (Or + vry + by2) = OF — r? +o, 


where we have used r? = b? + (vr)? and mF = vT71+by2. This follows from 
some simple gamma, matrix algebra and the derivative acting on the 7 term. 
Thus, one obtains the desired relation between the bosonic and fermionic 
propagators. Oo 





EXERCISE 12.4 
Show that the only terms in the Matrix theory effective action up to three 
loops are the terms appearing in Table (12.76). 


SOLUTION 


The solution follows from dimensional analysis. Since the action is dimen- 
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sionless, it follows that the Lagrangian has dimension |£] = —1. From 
the explicit form of the Lagrangian in Eq. (12.54), it then follows that 
[R] = [g] = -3, [X*] = -1. Also, [r] = [b] = —1 and [v] = —2. It fol- 


lows that g™v2"t?/r3™+4" has dimension —4 as required. Therefore, these 
dimensions lead to the expansion appearing in Table (12.76). Dimensional 
analysis determines the entire v and r dependence of the effective actions at 
each order in the perturbation expansion. Only the numerical coefficients 














need to be computed by evaluating Feynman diagrams. 


12.3 The AdS/CFT correspondence 


The basic idea of the AdS/CFT duality and its generalizations is that string 
theory or M-theory in the near-horizon geometry of a collection of coinci- 
dent D-branes or M-branes is equivalent to the low-energy world-volume 
theory of the corresponding branes. This section explains the AdS/CFT 
correspondence. 


The D3-brane case 
The conjecture 


The AdS/CFT conjecture (for the case of D3-branes) is that type IIB su- 
perstring theory in the AdSs x S% background described in Section 12.1 is 
dual to VN = 4, D = 4 super Yang-Mills theory with gauge group SU(N). 
This string theory background corresponds to the ground state of the gauge 
theory, and excitations and interactions in one description correspond to 
excitations and interactions in the dual description. 

D-brane world-volume theories were studied in considerable detail in Chap- 
ter 6. In the case of type II superstring theories we learned that the world- 
volume theory of N coincident BPS D-branes is a maximally supersymmetric 
U(N) gauge theory. The formulas become complicated when terms that are 
higher order in a’ or nontrivial background fields are taken into account. 
However, in the absence of background fields and at lowest order in a’, the 
result is very simple: the low-energy effective action on the world volume 
of N coincident Dp-branes is given by the dimensional reduction of super- 
symmetric U(N) gauge theory in ten dimensions to p+ 1 dimensions. This 
theory is all that is required for the analysis that follows. The U(1) sub- 
group of U(N) decouples as a free theory and does not participate in the 
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duality.? So the gauge group in the duality is really SU(N), not U(N). The 
distinction between the two is a subleading effect in the large-N limit. 


The coupling constants 


The dimensionless effective coupling of super Yang-Mills theory in p + 1 
dimensions is scale dependent. At an energy scale Æ, it is determined by 
dimensional analysis to be 


gogl E) ~ FN EP. (12.87) 


This coupling is small, so that perturbation theory applies, for large E (the 
UV) for p < 3 and for small E (the IR) for p > 3. 

The special case p = 3 corresponds to M = 4 super Yang-Mills theory in 
four dimensions, which is known to be a UV finite, conformally invariant field 
theory. In that case g?-(E) is independent of the scale Æ and corresponds 
to the ’t Hooft coupling constant 


à = gy N. (12.88) 


This is the combination that is held constant in the large-N expansion of 
the gauge theory discussed below. 

The Yang-Mills coupling constant is the same as the open-string coupling 
constant, since the gauge fields are massless modes of open strings. Using 
the relation between open- and closed-string coupling constants, this gives 
the identification 


Jy = 4T gs. (12.89) 


Fortunately, the dilaton in Eq. (12.21) is constant, so there is no ambiguity in 
this identification. Indeed, this constancy reflects the fact that the coupling 
is energy independent. Combining this with the identity R4 = 4rgs,Na?, 
obtained in Eq. (12.28), gives the relation 


R= Ah. (12.90) 


The last equation relates R/s, which is the radius of both the S° and the 
AdS; in string units, to the ’t Hooft coupling of the dual gauge theory. 
When the field theory is weakly coupled, the dual string theory geometry is 
strongly curved, which makes computations difficult. Conversely, when the 
string-theory geometry is weakly curved, and a supergravity approximation 
is justified, the dual gauge theory is strongly coupled. 


9 More precisely, the U(1) lives on the boundary and the SU(N) lives in the bulk, which is why 
the U(1) is not relevant. 
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Rank of the gauge group 


Another important fact about the duality is that the rank of the gauge group 
corresponds to the five-form flux through the five-sphere 


F =N. (12.91) 
S5 

To understand this, recall that the extremal D3-brane construction started 
with N coincident D3-branes, which carry a total of N units of D3-brane 
charge. This charge is measured by enclosing the D3-branes with a five- 
sphere and computing the five-form flux. Thus, the parameter N, which 
labels the gauge-theory group, corresponds to the five-form flux in the dual 
type IIB description. 


Symmetry matching 


If the proposed correspondence is true, it is necessary that the two dual the- 
ories should have the same symmetry. This requirement is relatively easy to 
test, because the symmetry in each case is independent of the parameters A 
and N. So it doesn’t matter which theory is in a strongly coupled regime. In 
each case the complete symmetry is given by the superalgebra PSU (2, 2/4), 
as we explain below.!° This supergroup group has a bosonic subgroup that 
is SU(2,2) x SU(4). In addition, it contains 32 fermionic generators that 
transform as (4,4) + (4,4) under this group. This supergroup is described 
in more detail in Exercise 12.8. 

Let us discuss the symmetry of the string theory solution first. The AdS5 
geometry has the isometry SO(4,2) and the S° geometry has the isometry 
SO(6). The theory has fermions that belong to spinor representations, so 
it is better to refer to the covering groups which are SU(2,2) and SU(A4), 
respectively. Thus the bosonic subgroup of the supergroup is realized by 
the geometry. This background realizes all 32 supersymmetries of the type 
IIB superstring theory as vacuum symmetries. In other words, it has just 
as much supersymmetry as the ten-dimensional Minkowski vacuum, which 
corresponds to R — oo. The conserved supercharges transform as (4,4) + 
(4,4) under SU(2,2) x SU(4) and combine with the space-time isometries 
to give PSU(2, 2|4). 

Now let us turn to the symmetry of the dual NV = 4 super Yang-Mills 
theory. First of all, as we have already asserted, this is a conformally in- 
variant field theory. This has been proved to be an exact property of the 
10 A superalgebra of the form SU(m|n) has a bosonic subalgebra SU(m) x SU(n) x U(1). When 


m = n the U(1) factor decouples from the rest of the algebra. The letter P indicates that this 
U(1) factor is absent. 
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quantum theory, not just a feature of the classical field theory. This is a 
very special feature, which implies in particular, that there is an exact can- 
cellation of ultraviolet divergences to all orders in perturbation theory, so 
that no renormalization scale needs to be introduced to define the theory. 
One is still free, however, to define the theory at a given energy scale by 
integrating out all degrees of freedom above that scale. However, since the 
theory is conformal, the effective coupling defined in this way is independent 
of the energy scale. 

The SU(4) symmetry arises as the global SU(4) R symmetry of the dual 
N = 4 super Yang-Mills theory. By definition, an R symmetry is a sym- 
metry that does not commute with the supersymmetries. In particular, the 
four fermions of one chirality transform as a 4 and those of the opposite 
chirality transform as a 4, and the six scalar fields form a 6. The linearly 
realized supersymmetries account for 16 fermionic symmetries. However, 
there are 16 additional nonlinearly realized fermionic symmetries. One way 
of discovering these is to compute the commutators of the linearly realized 
supersymmetries with the conformal transformations. Putting all this to- 
gether, one is led to the desired superconformal algebra PSU (2, 2|4). 


Large-N limit 

The large-N limit, at fixed A, is of particular interest. Large-N gauge-theory 
amplitudes have a convenient topological expansion. Specifically, using a 
double-line notation for adjoint U(N) fields, and filling in the space between 
the lines so that propagators look like ribbons, the Feynman diagrams can 
be viewed as two-dimensional surfaces and assigned an Euler characteristic 
x. As described in Exercise 12.7, the contribution of diagrams of genus g (or 
Euler characteristic x = 2— 2g) to field-theory amplitudes scales for large N 
and fixed A as NX. The proof uses Euler’s theorem that a two-dimensional 
simplicial complex with V vertices, Æ edges, and F faces has 


x=V-E+F. (12.92) 


Since gs corresponds to A/N, the 1/N expansion at fixed À corresponds to 
the loop expansion of the dual string description. 


Planar diagrams 


The leading terms in the large-N fixed-\ expansion of the gauge theory 
define the planar (or genus 0) approximation. It is conjectured that MN = 4 
super Yang-Mills theory is integrable in this approximation. There is quite 
a bit of circumstantial evidence for this conjecture, including the existence 
of an infinite number of conserved charges, but it has not yet been proved. 
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There is hope that exact analytic computations of correlation functions in 
the planar approximation may be possible some day. In any case, in the 
planar approximation they can be computed perturbatively in A. There 
is also hope of carrying out exact tree-level calculations of the type IIB 
superstring theory in the AdS; x S’ background. According to the duality, 
this would predict the complete planar approximation to the gauge theory. 
Unfortunately, this computation also is not yet tractable with currently 
known methods. So the tests of the duality that have been carried out to 
date are more limited than this, but still very impressive. 


Stringy corrections 


The preceding discussion shows that, in the string-theory description, stringy 
effects are suppressed for A >> 1 (so that the radius R is much larger than 
the string length scale). Similarly, quantum corrections (given by string 
loops) are small when N > 1, provided that the limit is carried out at fixed 
AÀ. Geometrically, this means that R is much larger than the Planck length. 
To understand this, recall that Chapter 8 showed that the ten-dimensional 
Planck length is given by 


bp = gih. (12.93) 


Combining this with A = 47g,N gives 
nee (R/ep)4 (12.94) 
Ar ee 


The dictionary 


Now that we have described the basic features of the D3-brane correspon- 
11 


dence, let us summarize the conclusions for this case: 

e The integer N gives the rank of the gauge group, which corresponds to 
the flux of the five-form R-R, gauge field threading the five-sphere. 

e The Yang-Mills coupling constant gym is related to the string coupling 
constant by Geis = 4rgs. The fact that gym does not depend on the 
energy scale corresponds to the fact the dilaton is a constant for the black 
D3-brane solution. 

e The supergroup PSU (2, 2|4) is the isometry group of the superstring the- 
ory background, and it is also the superconformal symmetry group of the 
N = 4 gauge theory. All of the generators correspond to Killing vectors 
and Killing spinors of the space-time geometry. In the gauge theory, some 


11 All of this can be generalized to other Dp-branes, but this is the simplest, most symmetrical, 
example for the reasons that have been explained. 
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of the operators generate the super-Poincaré subgroup, and the rest gen- 
erate other conformal transformations. In particular, 16 of the fermionic 
operators generate linearly realized Poincaré supersymmetries and the 
other 16 generate superconformal symmetries. 

e The common radius R of the AdSs and S° geometries is related to the ‘t 
Hooft parameter À = uN of the gauge theory by R = A144. 


Duality for M-branes 


There are similar AdS/CFT conjectures for the two M-theory cases for which 
extremal black-brane solutions were constructed in Section 12.1. However, 
they have been explored in much less detail than the D3-brane case. There 
are at least three reasons for this: (1) computations are much more difficult 
in M-theory than in type IIB superstring theory; (2) the dual conformal field 
theories are much more elusive than the V = 4 super Yang-Mills theory; 
(3) there is great interest in using AdS/CFT dualities to learn more about 
four-dimensional gauge theories. 


The M2-brane conjecture 


A stack of M2-branes has an AdS4 x S" near-horizon geometry, and M- 
theory for this geometry (with N units of xF4 flux through the sphere) is 
dual to a conformally invariant SU(N) gauge theory in three dimensions. 
One significant difference from the type IIB superstring example, is that 
the M-theory background does not contain a dilaton field, and therefore 
there is no weak-coupling limit. Correspondingly, the three-dimensional 
conformal field theory does not have an adjustable coupling constant, and 
it is necessarily strongly coupled. As a result, it does not need to have a 
classical Lagrangian description. In fact, there does not appear to be one. 
Therefore, this three-dimensional CFT is much more difficult to analyze 
than NV = 4 super Yang-Mills theory. 


CFT for the M2-brane case 


One way of thinking about the three-dimensional CFT is as follows. The 
low-energy effective world-volume theory on a collection of N coincident 
D2-branes of type IIA superstring theory is a maximally supersymmetric 
U(N) Yang-Mills theory in three dimensions. This theory is not conformal 
because the Yang-Mills coupling in three dimensions is dimensionful and 
introduces a scale. Recall that the type IIA coupling constant is proportional 
to the radius of a circular eleventh dimension. When this coupling becomes 
large, the gauge-theory coupling constant also becomes large. In view of 
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Eq. (12.87), this corresponds to a flow to the infrared in the gauge theory. It 
also corresponds to the radius of the circular eleventh dimension increasing 
giving an 11-dimensional M-theory geometry in the limit. Therefore, in 
the limit, the coupling becomes infinite, and one reaches the conformally- 
invariant fixed-point theory that describes a collection of coincident M2- 
branes in 11 dimensions. This theory should have an SO(8) R symmetry 
corresponding to rotations in the eight dimensions that are transverse to the 
M2-branes in 11 dimensions. 
The AdS4 x S7 metric has the isometry group 


SO(3,2) x SO(8) ~ Sp(4) x Spin(8). (12.95) 


As before, the first factor is the symmetry of the AdS space, which corre- 
sponds to the conformal symmetry group of the dual gauge theory. Also, 
the second factor is the symmetry of the sphere, which corresponds to the R 
symmetry of the dual gauge theory. This solution is maximally supersym- 
metric, which means that there are 32 conserved supercharges. In the dual 
gauge theory 16 supersymmetries are realized linearly, and the other 16 are 
conformal supersymmetries. Including the supersymmetries, the complete 
isometry superalgebra is OSp(8|4). This contains 32 fermionic generators 
(the supercharges) transforming as (8,4) under Spin(8) x S'p(4). 


The M5-brane case 


Similar remarks apply to the six-dimensional CFT associated with a stack 
of M5-branes that is dual to M-theory with an AdS7 x St geometry. The 
AdS7 x S* metric has the isometry group 


SO(6,2) x SO(5) ~ Spin(6,2) x USp(4). (12.96) 


Including the supersymmetries, the complete isometry superalgebra in this 
case is OS'p(6,2|4). This superalgebra contains 32 fermionic generators 
transforming as (8,4) under Spin(6,2) x USp(4). 

The problem of defining the conformal field theory on the M5-branes is 
more severe than in the M2-brane case. To define a field theory, a weak- 
coupling description in the UV is required. Unlike the M2-brane case, there 
is no such description in the M5-brane case, because it is a six-dimensional 
theory. Still, there must be a CFT associated with the M5-brane system. 
The problem is that we don’t know how to describe it other than via the 
AdS/CFT duality. 
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The structure of anti-de Sitter space 
In Section 8.1, AdSg,1, where d = p+ 1, has been described in Poincaré 
coordinates. In these coordinates, the AdS g,1 metric is given by 


R? 
ds? = =z ((dz”)azi tz”), z2>0. (12.97) 
Recall that the boundary at spatial infinity (r — oo) corresponds to z = 0, 


since z ~ R?/r. Similarly, the horizon at r = 0 corresponds to z = oo. 


From AdS to CAdS 


1 — > 
v=0 v=0 


Fig. 12.5. AdSp+2 is a hyperboloid in R*?*? with a closed time-like curve in the 8 
direction. 


Poincaré coordinates do not give a complete description of the Lorentzian 
AdSq+ı space-time. To understand this, it is useful to consider a hypersur- 
face in a (d + 2)-dimensional Lorentzian space of signature (d, 2), describing 
a hyperboloid 





y taty- BRSi, (12.98) 


as depicted in Fig. 12.5. In the last step the radius R has been set equal 
to one, for convenience. This description makes the SO(p + 1,2) symmetry 
manifest. The relation between the coordinates introduced here and the 
Poincaré coordinates given earlier is 


(z, 0°, a°) = ((t1 + ya) 1, toz, yi(ti + ya) *)- (12.99) 
To pass to spherical coordinates for both the ys and the ts, the notation 


(yi,---,Ya) > (v, Qp) and (t1,t2) —> (7,8) (12.100) 
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2 


is introduced. In these coordinates the hypersurface is v? — 7? = —1, and 


the metric on this surface is 


2 
ds” = X dy; — X` dt} = oo + 07d? — (1 + v?)d6?. (12.101) 
Note that the time-like coordinate 6 is periodic! This would imply that 
the conjugate energy eigenvalues are quantized as multiples of a basic unit. 
This is definitely not what type IIB superstring theory on AdSs x S° gives. 
The energy quantization does hold for the supergravity modes and their 
Kaluza—Klein excitations, but it is not true for the stringy excitations. 


CAdS/CFT correspondence 


The solution to this problem is to replace the AdS space-time with its 
covering space CAdS. Therefore, strictly speaking, one should speak of 
CAdS/CFT duality, but that is not usually done. To describe the covering 
space, let us replace the circle parametrized by 0 by a real line parametrized 
by t. This gives a global description of the desired space-time geometry. 
Letting v = tan p, the metric becomes 





ds* = (dp? + sin? p dQ, = dt). (12.102) 


cos? p 
This has topology Bp+1 x R which can be visualized as a solid cylinder. The 
R factor, which is a real line, corresponds to the global time coordinate t, and 
By+1 denotes a solid ball whose boundary is the sphere SP. The boundary of 
the CAdS space-time at spatial infinity (9 = 7/2) is S? x R. The Poincaré 
coordinates cover a subspace of the global space-time, called the Poincaré 
patch, as shown in Fig. 12.6. This diagram, which shows the global causal 
structure of the geometry, is called a Penrose diagram. All light rays travel 
at 45 degrees in a Penrose diagram. 

When one uses the covering space CAdS to describe the bulk theory, the 
spatial coordinates of the dual gauge theory are naturally taken to form 
a sphere S?. This does have a significant technical advantage: when the 
spatial coordinates form a sphere, the Hamiltonian has a discrete spectrum 
rather than a continuous one. This can be traced to the fact that the 
time coordinate in global coordinates differs from the time coordinate in the 
Poincaré patch. Thus, if Po denotes the Yang-Mills Hamiltonian appropriate 
to the Poincaré patch time coordinate, then 


1 


is the Hamiltonian appropriate to global time, and it has a discrete spec- 
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| 
z=0 


z= © z=const. 











p=-n/2 p=n/2 


Fig. 12.6. This diagram shows how the Poincaré patch is embedded in global CAdS 
for the special case of AdS. 


trum.!? Geometrically, it is as though the geometry in Eq. (12.102) is cre- 
ating a potential well so that the center point p = 0 is at a minimum. 

It should also be noted that, in global coordinates, there is no horizon. 
The horizon is a feature of the description in terms of the coordinates of the 
Poincaré patch but not of the global space-time. One can see in Fig. 12.6 
that there is nothing special about the horizon of the Poincaré patch in 
the global description. In case this sounds surprising, recall that even flat 
space-time appears to have a horizon for a uniformly accelerating observer, 
who sees a Rindler space. 


Euclideanized AdS geometry 


As discussed in the next subsection, it is useful to consider the Euclideanized 
AdS geometry (EAdS) to test the AdS/CFT correspondence more precisely. 
This can be obtained by Wick-rotating the tg coordinate: 


y+... by 8 4 =I, (12.104) 





The symmetry is now SO(d+ 1,1). This manifold should not be confused 
with Lorentzian signature de Sitter space, which would have +1 on the 
right-hand side. As before, EAdS can be described in Poincaré coordinates 
by 


1 
ds? = = (dz + (dz®)a), (12.105) 


where now (dx”)q = dx? +... + dx?. Unlike the Lorentzian case, these 
coordinates describe the space globally. They give a description that is 


12 Ko is one of the conformal group generators. 
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equivalent to the one given by the metric 
ds? = dp” + sinh? p d03, (12.106) 


which is the analog of Eq. (12.102). Another equivalent metric in terms of 
d+ 1 coordinates u; is 
43> du? 
a 12.107 

ED sci 
where >> u? < 1. The latter form shows that the topology is that of a ball 
Ba41, whose boundary is a sphere S. Thus the dual Euclideanized gauge 
theory should be compactified on a sphere — S4 for our main example. In 
this case the SO(5) subgroup of the SO(5,1) conformal group is realized as 
the symmetry of the S*. 


Holographic duality 


The notion of holography was first introduced into gravitational physics in 
the context of trying to encode the degrees of freedom of a black hole on its 
horizon, with roughly one degree of freedom (or Q-bit, to be more precise) 
per Planck area, as suggested by the Bekenstein—Hawking entropy formula. 
While that may be possible, it is not understood in detail how to do that; 
if it were, we would have a more general understanding of the microscopic 
origin of the entropy formula than currently exists. 


Holography in AdS space 


The holographic duality considered here is somewhat similar, except that it 
applies to the entire space-time rather than to a black hole. The AdS/CFT 
duality is holographic in the sense that the physics of the (d+ 1)-dimensional 
bulk — or even the ten or 11-dimensional bulk, if the sphere is taken into 
account — is encoded in the dual d-dimensional gauge theory. 


How does the hologram work? 


The basic idea is that d-dimensional z” coordinates of a point in the bulk 
correspond to the x” position in the field theory. The more subtle question 
is how the radial coordinate r or z is encoded in the gauge theory. 

One approach to defining the gauge theory as a quantum theory is to 
define it as a function of an energy (or momentum) scale E, as discussed 
earlier. This should be interpreted (in the Wilsonian sense) to mean that 
fields with momenta above this scale have been integrated out. For theories 
that are conformal, the resulting effective theory at the scale E is indepen- 
dent of E, since there is no other scale to which E can be compared. Let us 
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consider a scale transformation of the gauge theory z” — ax”. Scale invari- 
ance implies that, if this is accompanied by a rescaling of the energy scale 
E — E/a, this is asymmetry. Since x” in the gauge theory is identified with 
x in the bulk, this scaling can be performed in the AdS metric Eq. (12.97). 
However, there we see that, when z” — az" is accompanied by z > z/a, 
this is a symmetry of the metric. Thus, we are led to the identification 


Ewlfzerr. (12.108) 


This reasoning shows that the radial coordinate in the bulk corresponds 
to the energy scale in the dual gauge theory, but it does not establish the 
constant of proportionality. Dimensional analysis suggests that one should 
identify 


E = kel, (12.109) 


where k is a dimensionless constant. For example, if one identifies the en- 
ergy of a string stretched from the horizon at r = 0 to a point with ra- 
dial coordinate r with the scale Æ, this would determine a value of k.!? 
However, other analyses can lead to different constants of proportionality. 
Perhaps this reflects the ambiguity in defining the energy scale of the field 
theory in the first place. The important, and unambiguous, fact is that in 
any scheme for defining energy scales there is a correspondence of ratios 
E /E2 = zo/ z1 = rı/ro. 

This identification of radial coordinate in the bulk with energy scale in 
the gauge theory is very striking, and one might wonder how it could be 
reconciled with any notion of locality in the bulk theory. It is difficult 
to define gauge-invariant local observables in a gravitational theory with 
diffeomorphism symmetry. So it is not clear that locality should be an 
exact principle for the bulk theory. However, one would expect it to hold 
for scales larger than the string scale, when local field theory in a fixed 
gravitational background is a reasonable approximation. One reason the 
holographic correspondence proposed here is not in manifest conflict with 
locality is the observation that changes in energy scale in the gauge theory 
are given by the renormalization group equation, which is local in the energy 
scale. 

Given the holographic identification, one can ask where the dual gauge 
theory is located. If one regards the theory without any degrees of freedom 
integrated out as the most fundamental, this corresponds to E — oo. Then 
one can say that the dual gauge theory is located at the boundary r = co 


13 This energy is finite, and proportional to r, even though the proper distance is infinite, due to 
the compensating effect of the red-shift factor. 
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or z = 0. As one integrates out high-momentum degrees of freedom, it gets 
translated inwards toward the horizon. 

The correspondence can be generalized to bulk theories that are only AdS 
asymptotically as r — oo. In such a case, the dual gauge theory is not con- 
formal, but (according to the holographic principle) it should approach a 
conformal fixed point in the ultraviolet. It is often convenient to work in 
a small curvature regime of the bulk theory, where a supergravity approx- 
imation can be used. In cases where the dual gauge theory is not exactly 
conformal, the ’t Hooft coupling constant may not be large, for a sufficiently 
large range of energies, for there to be a large fifth dimension in the dual 
description. 


S-duality 
Section 8.2 described the S-duality of type IIB superstring theory. In flat 


ten-dimensional space-time the S-duality group was shown to be SL(2, Z). 
In particular, it was shown that the complex scalar field 


THB = Co +ie~®, (12.110) 


transforms as a modular parameter under SL(2, Z) transformations. 

Section 8.2 also described an SL(2,Z) S-duality of U(N) N = 4 super 
Yang-Mills theory. As explained there, if one includes a topological 0 term 
in the Lagrangian, one can define a complexified gauge theory coupling 


TYM = a + eu (12.111) 
2T OM 
Now one is led to an important implication of the AdS/CFT duality. 
Namely, the S-duality of the gauge theory is induced by the S-duality of the 
string theory. Since the AdS/CFT correspondence requires the S-duality of 
the gauge theory, any test of this S-duality is also a test of the correspon- 
dence. Conversely, the existing evidence in support of the S-duality of N = 4 
super Yang-Mills theory can be regarded as support for the AdS/CFT con- 
jecture. 
The identification g2,, = 47gs, where e? = g, for the extremal D3-brane 
solution, naturally generalizes to 


TYM = TIIB, (12.112) 


provided one makes the identification 0 = 27C. The black D3-brane so- 
lution can be generalized to allow a constant nonzero value of Co without 
making any other changes, and this corresponds to adding a 0 term to the 
dual gauge theory. The conclusion is that the value of the complex coupling 
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in the gauge theory is identified with the vacuum expectation value of the 
complex scalar field of the string theory. Each of them is defined on a space 
that is identical to the moduli space of complex structures of a torus, which 
was described in Chapter 3 and utilized several times in Chapter 8. 


A more precise correspondence 


The tests of AdS/CFT duality described so far only required analyzing per- 
turbations of AdS5 x S5. Another successful test in this framework, which we 
have not explained, was to show that all the linearized supergravity states 
correspond to states in the dual gauge theory. However, there is more than 
this perturbative framework that needs to be understood to define a precise 
map between a CFT and its AdS dual, since this set-up is only sensitive 
to the supergravity states and their Kaluza—Klein excitations, but does not 
probe the underlying string-theory structure of the theory. 

A conformal field theory does not have particle states or an S-matrix. The 
only physical observables, that is, well-defined and meaningful quantities, in 
a CFT are correlation functions of gauge-invariant operators. Thus, what 
is required is an explicit prescription for relating such correlation functions 
to computable quantities in the AdS string-theory background. These are 
very similar to ordinary S-matrix elements, with the definition suitably gen- 
eralized to AdS boundary conditions at infinity. Since the dimension of the 
AdS exceeds that of the CFT by one, it is sensible that off-shell quantities 
in the CFT should correspond to on-shell quantities in AdS. 

The gauge-invariant operators are defined at a point, which corresponds 
to perturbing the gauge theory in the ultraviolet. Therefore, according to 
the holographic energy/radius correspondence, the gauge theory should be 
considered to be at the AdS boundary. 

It is technically easier to work with the Euclideanized conformal field the- 
ory and to relate its correlation functions to quantities in the Euclideanized 
anti-de Sitter geometry. So this is a good place to start. After that, we 
discuss the case of Lorentzian-signature case. The prescription requires a 
one-to-one correspondence of bulk fields @ and gauge-invariant operators O 
of the boundary CFT. 


The path integral 


Schematically the correspondence works as follows. Denoting boundary val- 
ues of @ by ġo, one computes the bulk-theory path integral with these bound- 
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ary values to define a partition function 


Zasine( 0) = f Do e~ sting, (12.113) 
po 


Then this is identified with the field theory expression 


( exp I 800) on’ (12.114) 


which is the generating function of correlation functions. To complete the 
explanation one should carefully explain how one removes the divergences 
that occur in these formal expressions. Even then, these formulas are hard 
to evaluate in practice, except in regimes where perturbation theory is ap- 
plicable, as illustrated in Fig. 12.7. The Feynman rules require interaction 
vertices in the bulk and three types of propagators: bulk to bulk, bulk to 
boundary, and boundary to boundary. 


Fig. 12.7. Correlation functions in strongly coupled gauge theories can be calculated 
in terms of ordinary Feynman diagrams in the bulk theory with propagators that 
terminate on the boundary. 


One of the bulk fields is the metric guv. It corresponds to the energy- 
momentum tensor T),, of the CFT, which is always a gauge-invariant op- 
erator. For this reason the AdS/CFT correspondence always involves a 
gravitational theory for the bulk. The asymptotic behavior of the metric 
as the boundary is approached is well defined up to a conformal rescaling 
(guv ~ AGuv-) Thus, ġo in this case denotes the boundary value of the 
conformal class of the metric. Another example for which the bulk field 
to boundary operator correspondence is known is the dilaton. The dila- 
ton corresponds to the Lagrangian of the CFT, because a small change in 
the gauge coupling, which is dual to the string coupling determined by the 


dilaton, adds an operator proportional to the Lagrangian. !4 


14 The analogous M-theory backgrounds do not have a dilaton, so maybe it is not surprising that 
one is unable to construct a Lagrangian for the dual CFT in those cases. 
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Anomalous dimensions 


As an example, consider a scalar field ¢ of mass m in EAdSs, whose metric 
is given in Eq. (12.105). The quadratic terms in the action are 


cee i diy dz OD + OA + eR. (12.115) 


Considering five dimensions rather than ten implies a truncation to the low- 
est Kaluza-Klein mode on the five-sphere. The classical field equation de- 
rived from this action has two independent solutions that are given by Bessel 
functions. To decide which solutions are normalizable, we are particularly 
interested in the asymptotic behavior at the boundary, which corresponds 
to z = 0. The two solutions both give power behavior of the form @ ~ z%, 
and the two values of a, determined by the equation of motion, are the roots 
of!5 


ala — 4) = m?R?, (12.116) 
which are 


as =24+ 744+ mR. (12.117) 


You are asked to derive this result from the equation of motion in Prob- 
lem 12.8. 
In defining the boundary value ġo that enters in Eq. (12.113), a singular 











factor must be removed. The reason for this is that the more singular 
solution goes as ¢ ~ z%- near the boundary. Since the boundary theory is 
conformal, a conformal rescaling that is x independent is allowed. Thus, the 
regularized boundary value of the field is 

olx) = lim z~*- (a, z). (12.118) 


z—0 
As a result of this renormalization, the corresponding boundary operator 
acquires a scaling dimension. The naive scaling dimension would be four for 
a scalar field. However, one also has to take account of the scaling property of 
z °-, recalling that z scales like x. This contributes an anomalous dimension 
—a_ > 0. Asa result, one obtains the scaling dimension for the dual gauge 


A=4-a_ =24+V44m?R?. (12.119) 


For example, the dilaton has m = 0, which agrees with the fact that the 


theory operator 


SYM Lagrangian has A = 4. The corresponding analysis for the graviton 
“predicts” that the stress tensor should have A = 4, which is also correct. 


15 When the boundary theory has d dimensions, this generalizes to a(a — d) = m?R?. 
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As an aside, and for completeness, let us note the following. The restric- 
tion to the a_ solution is correct for the AdSs x S° case, but it is not always 


2 can be neg- 


correct. In AdS 4.1 space-time the mass-squared parameter m 
ative without making the vacuum unstable, as it would in flat space-time. 
In fact, the stability bound, known as the Breitenlohner—Freedman bound, 


can be deduced from the d-dimensional generalization of Eq. (12.115). It is 
m? R? > —d?/4., (12.120) 


For m?R? > 1—d?/4 there is a unique admissible boundary condition, which 
is the case for all fields in the theory under consideration here. However, 
some theories have fields with masses in the window 


1 —d?/4 > mR? > —d?/4, (12.121) 


and then both solutions a, are admissible, since they both satisfy the uni- 
tarity bound A > (d — 2)/2. 





Lorentzian signature and the Hamiltonian 


The CAdS/CFT duality for Lorentzian signature entails new issues. The 
boundary-value problem in this case no longer has unique solutions, be- 
cause one can add normalizable (propagating) modes. Nonnormalizable 
bulk modes correspond to backgrounds that couple to gauge-invariant lo- 
cal operators of the boundary gauge theory, as in the Euclidean case. In 
addition, the normalizable modes of the Lorentzian case correspond to lo- 
calized fluctuations of the gauge theory. 

From the point of view of the dual CFT, there is a Hamiltonian that 
generates the time evolution. This is conceptually cleanest when the spatial 
dimensions form a p-dimensional sphere, as is natural in the global CAdS 
formulation. In this case, if one imagines expanding all fields in Fourier 
modes on the sphere, one has a quantum mechanical theory with an infinite 
number of degrees of freedom. However, there are only a finite number of 
states below any fixed energy. 

The AdS; x SŽ solution (for example) corresponds to the ground state of 
this Hamiltonian, whereas nonnormalizable modes in the bulk correspond 
to excited states of the gauge theory. Generic excited states of the gauge 
theory correspond to bulk geometries with string-scale curvatures for which 
the supergravity approximation is not valid. Smooth geometries correspond 
to highly excited states of the gauge theory with a smooth distribution of 
excitations. This correspondence has been worked out in complete detail for 
the half-BPS states. While this is far from the whole story, it is a highly 
instructive starting point. In this case the excitations of the CFT correspond 
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to placing N free fermions in a harmonic oscillator potential. That study 
makes it clear how the energy eigenvalues of the fermions in the gauge theory 
encode the geometry of the dual string theory. Generically, unless N is very 
large and the eigenvalues are smoothly distributed, one obtains a turbulent 
quantum-foam-like geometry. The term bubbling AdS has been introduced 
in this context. 

The modification of the bulk solution obtained by the addition of normal- 
izable modes, on the other hand, corresponds to changing the Hamiltonian 
of the boundary CFT by the addition of relevant perturbations. Relevant 
perturbations are defined to be ones with dimension less than four, which 
are important in the IR and unimportant in the UV. For example, the ad- 
dition of a mass term for one (or more) of the six scalar fields is a relevant 
perturbation of the gauge theory. 


Chiral primary operators 


An alternative to analyzing the gauge theory on S? and using the Hamil- 
tonian approach is to consider the gauge theory on R?, as is natural in 
the Poincaré patch description of the AdS space. In this case the physi- 
cal observables are correlation functions of gauge-invariant operators. The 
gauge-invariant operators correspond to the various states in the Hamil- 
tonian description by a state-operator correspondence that is a higher- 
dimensional analog of that described for two-dimensional conformal field 
theories in Chapter 3. 

Testing the AdS/CFT correspondence in this set-up involves finding the 
correspondence between gauge-invariant operators in the gauge theory and 
particle states in the string theory. In each case these are classified by rep- 
resentations of the superconformal symmetry algebra. Such representations 
include three types: long, short, and ultrashort. As explained in Chapters 8 
and 11, the MN = 4 supersymmetry algebra provides lower bounds (BPS 
bounds) on allowed masses or energies. If neither bound is saturated, the 
representation is long and all 16 of the linearly realized supersymmetry gen- 
erators are effective in building up the multiplet structure. In this case the 
allowed helicities cover a range of eight units, since each charge can shift the 
helicity by one half. If one of the bounds is saturated and the other is not, 
the representation is called short and eight of the supersymmetry generators 
are effective. Then the helicities in the multiplet cover a range of four units. 
In the ultrashort case, both bounds are saturated, and the helicities cover 
a range of two units. The M = 4 super Yang-Mills fields themselves have 
helicities ranging from —1 to +1 and form an ultrashort multiplet. However, 
they are not gauge-invariant operators. 
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In the string description short multiplets arise as the five-dimensional 
supergravity multiplet and all of its Kaluza—Klein excitations on the five- 
sphere. The harmonics on the five-sphere give SU(4) irreducible represen- 
tations denoted (0,n,0) in Dynkin notation. In SO(6) language, these cor- 
respond to rank-n tensors that are totally symmetric and traceless. Clearly, 
the helicities range from —2 to +2 for these multiplets, since the five-sphere 
harmonic does not contribute to the helicity. All of the excited string states 
belong to long multiplets, which are much more difficult to analyze. How- 
ever, it is possible to say something about a certain class of them in the 
plane-wave limit, as is done in Section 12.5. 

Let us now consider some local operators in the gauge theory that be- 
long to short multiplets. The SU(N) super Yang-Mills fields are described 
as traceless N x N hermitian matrices. The way to form gauge-invariant 
combinations is to consider traces of various products. The quantities that 
are allowed inside the traces are the six scalars, four spinors, and Yang- 
Mills field strength, as well as arbitrary covariant derivatives of these fields. 
One can also consider products of such traces. However, it turns out that 
single-trace operators correspond to single-particle states and multi-trace 
operators correspond to multi-particle states in leading order. At higher 
orders in A and 1/N, there can be mixing between operators with differing 
numbers of traces. 

A convenient way of characterizing a supermultiplet is by finding the pri- 
mary operator of lowest dimension. By definition, this operator is annihi- 
lated by all of the conformal symmetries Sa and K,,. The other operators in 
the supermultiplet are reached by commuting or anticommuting the primary 
operator with the super-Poincaré generators Qa and P,,. These operators 
are called descendants and are characterized by the fact that they can be 
expressed as Q acting on some operator. In the case of short multiplets, 
the primary operator is also annihilated by half of the Q supersymmetry 
generators. Such operators are called chiral primary operators. 

As an example, consider the trace of a product of n scalar fields 


Olle In — Tr( og” Mes ol) . (12.122) 


It turns out that if any of the indices are antisymmetrized this operator is a 
descendant. A commutator [¢7,¢,7] is a descendant field because it appears 
in the supersymmetry transformation of fermion fields. To understand this, 
recall that in ten dimensions dy ~ F y I””e. On reduction to four dimensions 


Fry > (1, bs]. 
The way to make a primary operator is to totally symmetrize all n indices 
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and remove all traces to make a traceless symmetric tensor. However, this 
is not quite the whole story. These operators can be related to multi-trace 
operators when n > N. By a multi-trace operator, we mean an operator 
that is a product of operators of the form in Eq. (12.122). Thus, to state 
the final conclusion, these operators provide a complete list of single-trace 
chiral primary operators for n = 2,3,...,N. This rule reflects the fact that 
these are the orders of the independent Casimir invariants of SU(N). This 
is explored further in Exercise 12.9. 

These chiral primary operators form the (0, n, 0) representation of SU (4). 
In the large-N limit this matches perfectly with what one finds from Kaluza-— 
Klein reduction on the five-sphere in the dual string-theory picture. It has 
been shown that the masses of these bulk scalar fields match the conformal 
dimensions of the chiral primary operators in the way required by the duality 
that was described earlier. It is interesting, though, that for finite N the 
Kaluza—Klein excitations with n > N seem to be missing in the dual gauge- 
theory description. This is how it should be, however. The infinite tower 
of Kaluza—Klein excitations actually is truncated at N. The reason will be 
explained later. 


Anomalies 


In general, it is difficult to compare gauge theory and string theory correla- 
tion functions, because the AdS/CFT correspondence relates weak coupling 
to strong coupling. However, there are certain quantities that are controlled 
by anomalies that can be computed exactly enabling the comparison to be 
made. Let us describe an example. 

The SU(4) R symmetry is a chiral symmetry of NV = 4 super Yang- 
Mills theory. This is evident because left-handed and right-handed fermions 
belong to complex-conjugate representations (4 and 4). If one were to add 
SU(4) gauge fields and make this symmetry into a local symmetry, one 
would obtain an inconsistent quantum theory, because the SU(4) currents 
would acquire an anomalous divergence 


real 
38472 


Such SU(4) gauge fields are not present in the super Yang-Mills theory, 
so there is no inconsistency. However, they do exist in the bulk theory, 


(VE Iu)" = 





Ta aa UT ES (12.123) 


where they arise by the Kaluza—Klein mechanism as a consequence of the 
isometry of the five-sphere. The anomaly means that if one turns on nonzero 
field strengths for these gauge fields the bulk theory would no longer be 
gauge invariant. The associated anomaly can be computed from the bulk 
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perspective and compared to the gauge theory anomaly described above as 
a nontrivial test of the AdS/CFT correspondence. 

The way to see the anomaly in the string-theory description is to consider 
the Chern—Simons term in the low-energy effective five-dimensional action 
of the bulk theory 


iN? 


Scs = =. 
9672 AdSs5 


dP (doer? Aa 0, APO, AS +...). (12.124) 
Under a gauge transformation 6A, = V,,A“, the Chern-Simons term changes 
by a boundary term 
iN? 
3847? 





J diad etrn Fh Fe, (12.125) 


Identifying this with — f d*zA*(V“J,)% in the dual gauge theory, one ob- 
tains exact agreement with the gauge theory calculation to leading order in 
large N. A more refined analysis, at one-loop order in the string theory, has 
been carried out. It shows that the factor really is N? — 1 rather than N?. 
This agreement is a very nontrivial test of the AdS/CFT correspondence, 
since the two computations look completely different. 

A similar anomaly analysis can be carried out for the conformal (or Weyl) 
anomaly that arises from coupling the gauge theory to gravity. Agreement 
is again found at leading order in large N. 


Near-extremal black D3-brane 


Nonextremal black D-branes solutions were presented in Section 12.1. Like 
nonextremal black-hole solutions, they have thermodynamic properties in- 
cluding temperature and entropy. This section explores these properties 
for the near-extremal black D3-brane and interprets them in the context 
of the AdS/CFT duality. The analysis is carried out for an asymptotically 
AdS; x SŽ space-time, where the radius of each factor is R. 

The metric for a nonextremal black D-brane is given in Eq. (12.31). Here, 
we specialize that formula to the case p = 3 and re-express it terms of the 
coordinate z = R?/r, which was introduced earlier. It has a horizon at 
z = zo that encloses a singularity. Including the five-sphere, the metric in 
Poincaré coordinates for a near-extremal black 3-brane in an asymptotically 
AdS; x SŽ space-time is 


R? 


d? = = ( — f(z)dt? + dZ - dZ + F (z)d?) + R2dQ2, (12.126) 
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where 
f(z) =1—(z/z0)*. (12.127) 


This space-time approaches AdS; x $° asymptotically at infinity, which in 
these coordinates is given by z — 0. 


The temperature 


The temperature of this black 3-brane can be determined in the standard 
way. Specifically, one introduces a Euclidean time coordinate T = it and 
requires that the periodicity of 7 is such that there is no conical singularity 
at the horizon (z = 2). Substituting z = zo — € in Eq. (12.126) and 
expanding in £, one obtains 

R2 


4e EE 
2 25 igni 07.2 202 
ds a o dr* + dx'dx* + me ) + R*dQ5. (12.128) 





Now making the change of variables € = z9p?/R?, one sees that p and 
0 = 27r/z parametrize a plane in polar coordinates. Thus, the required 
period of T is G = 72g. As usual, @ is identified as the inverse temperature 
of the black D3-brane. 


The entropy 


The entropy of this black 3-brane per unit three-volume (as measured in the 
x’ coordinates) is given by the Bekenstein-Hawking formula (horizon area 
divided by 4G), is 





S LORN? o Rougy 
7 aes (=) BOs = N Th. (12.129) 

One can try to test this result with a dual CFT computation of the entropy 
carried out for the V = 4 gauge theory at temperature T. However, exact 
agreement should not be expected. The preceding analysis is based on a 
supergravity approximation to the string-theory geometry. This is valid 
when the string is weakly coupled and the curvature is small, in other words 
for large N and large A. The CFT computation can be carried out for small 
by simply adding up the contributions of the individual free fields. Since 
these are opposite limits, the results need not agree. Nonetheless, let us 
carry out the comparison. The small A CFT computation gives 


S 2r? 

Sao NST: 12.130 
V 3 ( ) 
The T? dependence was inevitable because the theory is conformal and there 


is no other scale. The N? factor is also obvious, because each of the fields in 
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the CFT is an N x N matrix, and the entropy is proportional to the number 
of fields.‘ So only the numerical coefficient requires care. It is determined 
by adding the contributions of one vector, four spinors and six scalars in 
each supermultiplet. 

The two preceding results differ by a factor of 4/3, but it was already 
emphasized that agreement should not be expected. One result corresponds 
to the limit A — 0 and the other one to the limit A — oo. The results 
for these two limits suggest that there should be a formula for the entropy 
density of the large-N limit of the gauge theory of the form 


S 

V 
where À = g¥,,N and g%y, = 47gs, as before. The gravity calculation then 
implies that c(oo) = 1, while the CFT calculation implies that c(0) = 4/3. 
It is conjectured that the function c(A) extrapolates smoothly between these 
two values. The complete function c(A) is not known yet, but the next-to- 
leading terms in the two limits have been computed and are given by 


2 
= oA) NT, (12.131) 





4 2) 
c(A) = ie +... for small à, (12.132) 
15¢(3) 
c(A) =1+ 2372 +... for largeA. (12.133) 


Giant gravitons and the stringy exclusion principle 


In Chapter 6 we discussed the Myers effect, in which a DO-brane in an electric 
four-form flux is polarized into a spherical D2-brane. A similar phenomenon 
can be realized in the present setting by considering a massless particle, such 
as a graviton, moving along a great circle of the S5. These are BPS solutions 
that are included in the Kaluza—Klein spectrum discussed earlier. As the 
momentum of the particle is increased the effect of the background five- 
form flux becomes more important, and the particle becomes polarized into 
a sphere. What we are discussing here can be viewed as the polarization of a 
graviton by a five-form flux into a spherical D3-brane. Such a configuration 
is sometimes called a giant graviton. 

Giant gravitons can occur inside the anti-de Sitter space, localized on the 
five-sphere, or inside the five-sphere, localized in the anti-de Sitter space. 
The two cases differ in one interesting respect. In the latter case the radius 
of the giant graviton is bounded by the radius R of the five-sphere. This 
fact, referred to as the stringy exclusion principle, implies that the tower of 


16 Since we are interested in large N, we do not distinguish between N? and N? — 1. 


12.3 The AdS/CFT correspondence 661 


Kaluza—Klein excitations is actually cut off at N. This is a string-theoretic 
effect that is not visible in the supergravity approximation. 

In the previous section, this stringy exclusion principle was anticipated 
by classifying the single-trace chiral primary operators in the dual gauge 
theory. What we are finding now is exactly what is required for agreement 
of the two pictures. This success of AdS/CFT duality is highly significant 
in that it is nonperturbative in the 1/N expansion. 


Confinement/deconfinement phase transition 


One can explore whether gauge theories are confining or not by evaluat- 
ing Wilson loops. These are gauge-invariant operators, and thus physical 
observables, of the boundary gauge theory. Given a closed contour C in 
RR‘ and a representation D of the gauge group (usually chosen to be the 
fundamental), one defines the Wilson-loop operator 


Ww) = Tr (r a $ a) (12.134) 


Here, the gauge field A is a matrix of one forms in the representation D, and 
P denotes that the integral is path ordered. The choice of starting point 
for the path does not matter once the trace is taken. Physically, one can 
think of C as the world line of a heavy external quark. The usual assertion 
is that, for a square contour with sides of length L, one finds for large L that 
W ~ exp(—cL) for a nonconfining theory. This behavior is referred to as a 
perimeter law. On the other hand, W ~ exp(—cL?) for a confining theory. 
This behavior is referred to as an area law. 

In a conformally invariant theory, such as V = 4 SYM theory, dimensional 
analysis together with a large-N limit requires that the potential for a quark- 
antiquark pair with separation L should be of the form V(L) = v(A)/L. 
This is a nonconfining (Coulomb-like) behavior corresponding to a perime- 
ter law.!’ Perturbation theory implies that, for small coupling, v(A) is 
proportional to A. 

The dual string picture can be used to derive the behavior of v(A) for 
large A, the limit in which the AdS curvature is small compared to the 
string tension T. In other words, TR? ~ VA > 1. In the string picture one 
views the contour C as the boundary of a string world sheet. Then, in the 
large tension limit, the Wilson loop is given to good approximation by 


(W) ~ exp(—T - Area). (12.135) 


17 An area law would correspond to a linear potential V ~ L. 
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Here, the area is that of the minimal area surface (embedded in AdS5) with 
boundary C. The fact that this is an area might seem to contradict what 
was said previously. However, because of the curvature of the AdS space, 
this area actually grows linearly for large L, and one finds for large \ that 
v(A) ~ TR? ~ VX. One subtlety in this analysis is that the area of the world 
sheet is actually divergent, because the proper distance to the boundary of 
AdS is infinite. However, the divergent part has a universal behavior that 
can be subtracted as part of a consistent regularization procedure. Then 
the results asserted above can be obtained. 


Compactification on a circle 


An example of a confining gauge theory is pure Yang-Mills in three dimen- 
sions. We can make contact with that theory starting from M = 4 SYM 
in two steps. The first step is to take one of the three spatial dimensions 
to be a circle of radius ro. Then, for energies below 1/ro, the theory is 
effectively three-dimensional. The second step is to get rid of all massless 
particles other than the gauge fields. A convenient way to achieve this is to 
require the fermi fields to be antiperiodic on the circle, so that their masses 
are of order 1/rọ. The bosons are given periodic boundary conditions. Even 
so, the scalars of the SYM-theory also get masses of order 1/ro induced by 
radiative corrections. So do the three-dimensional scalars corresponding to 
the component of the gauge fields along the compact direction. 

The next problem is to identify the bulk supergravity geometry that has 
this geometry for its boundary. A trick for finding the answer is to start 
with the black 3-brane solution and perform a double Wick rotation (t — iy 
and x3 — it) giving 


2 
ds? = Ë (at? + f(2)dy? + da? + da3 + f=} (2)d2?), (12.136) 
zZ 


where R is the AdS radius and 
f(z) =1= (z/20)*. (12.137) 


This solution does not have a horizon, and it is only defined for z < zo. This 
means that zo is the end of space. As a result, the warp factor (1/z) cannot 
go to zero. This changes the analysis of the Wilson loop asymptotics, and 
one concludes that there is an area law (confinement) in this case. 

Recall that the y coordinate is periodic with period 277r9. For the metric 
to be nonsingular for z — zp, one needs to take zo = 2r9. This geometry is 
topologically Bə x Rœ!, and its boundary has the topology S$! x R?!. The 
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y circle on the boundary (where z = 0) is the boundary of a disk whose 
interior corresponds to z > 0. 


Finite temperature 


The preceding compactified theory can be studied at finite temperature by 
Euclideanizing the time coordinate t and imposing periodicity 8, as usual. 
The boundary topology of the finite temperature theory is RÊ? x S! x St, 
where the first circle is the spatial circle of radius rọ and the second circle 
is the periodic Euclidean time of circumference 8. There are two choices 
for the topology of the finite temperature bulk theory that could give this 
boundary. The one implied by the analysis given above is R? x Bə x 91. 
An alternative possibility is R? x S1 x By. In the latter solution the disk 
has the time circle as its boundary. Since it has a perimeter law, it does not 
give confinement. In the bulk-boundary correspondence, one should include 
all possible bulk configurations that give a specified boundary configuration. 
In this case there are two of them. The Wilson-loop analysis for one case 
indicates confinement and for the other indicates deconfinement. So what 
should we conclude? 

In a saddle-point approximation, the string-theory partition function has 
roughly the form 


Zetring ve +e~™, (12.138) 


where the two terms represent the contributions of the two possible bulk 
topologies. Actually, both Sı and S2 contain an infinite factor — the volume 
of the space-time. However, one can compute the difference S2 — S1, which 
is finite. It is a positive function of 8 and ro times 6? — re . Therefore, 
one or the other is dominant as N — oo depending on the ratio of 8 to 
ro. This implies that, for large N, there is a phase transition, which is 
known as the Hawking—Page phase transition. The interpretation of this 
phase transition in the dual field theory is that the low-temperature phase 
(in which the first term dominates) exhibits confinement and a mass gap, 
whereas the high-temperature phase (in which the second term dominates) 
has deconfinement. In other words, there are physical unconfined quanta 
(gluons, etc.) carrying color quantum numbers. 

This is roughly the same picture one expects for QCD. Even though the 
bulk theory that should be dual to QCD is not known, it is now reasonably 
clear that there should be a dual five-dimensional string theory that contains 
gravity. At low temperature, one bulk geometry dominates, and at high 
temperature there should be a different dual geometry. The quark-gluon 
deconfinement phase transition should be analogous to the Hawking—Page 
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phase transition. In fact, there have been qualitative successes in account- 
ing for data on high-energy collisions of large nuclei in the RHIC collider 
at Brookhaven National Laboratory using this type of a holographic model. 
More specifically, when heavy nuclei collide at high energies, it is believed 
that a quark-gluon plasma is formed, which quickly cools due to expansion. 
However, before it cools through the deconfinement phase transition temper- 
ature, high-energy partons (deconfined quarks or gluons) can travel through 
the plasma with an effective viscosity that one can try to deduce from the 
observations. This is an example of a parameter that has been estimated 
using the string theory/gauge theory duality. It is quite remarkable that 
members of the nuclear physics community are now becoming interested in 
black holes in five-dimensional anti-de Sitter space-time! 


Proving the conjecture 


We have presented many pieces of evidence that support the validity of 
the AdS/CFT conjecture. Some of them are highly nontrivial and very 
impressive. So one might wonder whether the construction of a proof that 
it is correct is a reasonable goal. One problem with this is that there is no 
other known way of giving a complete definition of string theory. We know 
pretty well how to define the perturbation expansion, and we know many 
facts about the nonperturbative physics in various string vacua. Certainly, 
the duality should reproduce, or at least not contradict, what is known. So 
a falsification of the conjecture would be straightforward. 

Perhaps, the right attitude at this point is to assume that the conjecture is 
correct, as long as this does not lead to contradictions or paradoxes. Since, at 
least in four dimensions, the dual gauge theories are unambiguously defined, 
this means that the duality can be taken as the definition of string theory (or 
M-theory) for the class of background configurations where it applies. There 
is also room for further progress in precisely specifying how the duality map 
works. 

One might hope that some completely independent fundamental formula- 
tion of string theory would be found some day. If this were to happen, then 
the goal of proving AdS/CFT would become better formulated. A more 
modest goal is to learn how to apply AdS/CFT ideas to a larger class of 
backgrounds. 

To be specific, there is a lot of interest in space-times that are asymp- 
totically de Sitter, rather than anti-de Sitter, mostly motivated by the as- 
trophysical/cosmological observations that point to a positive cosmological 
constant. One idea has been to try to formulate dS/CFT dualities. Another 
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idea that is being explored is to formulate dualities for asymptotically AdS 
space-times that have large regions within them that are nearly de Sitter. 





EXERCISES 





EXERCISE 12.5 
Explain why the superpotential of an M = 1 supersymmetric theory with 
an unbroken R symmetry should have R charge equal to two. 


SOLUTION 


The four Grassmann coordinates of M = 1 superspace decompose into two 
chiral components 90, and two antichiral components ĝa. The superfield 
formulation of M = 1 gauge theories contains two types of terms, called 
D terms and F terms, where D terms are given by integrals over the full 
superspace and F terms are given by integrals over chiral superspace. The 


Lagrangian density has the general structure 
L= Lg + Ly + Lw, 


where the first term is a D term and the last two terms are F terms and 
their complex conjugates. For example, 


cw = | eow+ | eow, 


where the superpotential W is a holomorphic function of chiral superfields. 

Under an R-symmetry transformation, the different components of a su- 
perfield carry different charges. One can assign uniform R-charge assign- 
ment to the entire superfield if one adopts the rule that 6 carries R-charge 
+1 and ô carries R-charge —1. These statements are a consequence of the 
commutation relations 


[R, Qa] = Qa and [R, Qal] = -Qa 


Integration over 0 is like differentiation, and therefore d?6 carries R-charge 
—2. Therefore, for Cw to be R-invariant, it is necessary that the superpo- 
tential W have R-charge equal to 2. This entails finding suitable R-charge 
assignments for all the chiral superfields so that each term in the superpo- 











tential has R-charge equal to 2. 
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EXERCISE 12.6 
Formulate M = 4 super Yang-Mills theory in terms of NV = 1 superfields. 


SOLUTION 


Expressed in terms of VV = 1 superfields, the M = 4 theory can be recast 
as a theory with a vector superfield V and three adjoint chiral superfields 
®;, i = 1,2,3. The Lagrangian consists of a kinetic term for the chiral 
superfields 


3 
Lk = f a9 tr (lea), 
i=1 
a kinetic term for the gauge superfields!® 
l 2 a 
Ly = ak 6 tr(W Wa) + h.c., 
and a superpotential term 
Ly = [cow + h.c.. 


The first two terms are completely determined by the choice of gauge group 
and representations, so that all that remains is to specify the superpotential 
W. 

The only parameter of the theory is the dimensionless coupling constant 
g. Therefore, the superpotential must be cubic in the chiral superfields, 
since these are the terms with dimensionless coefficients. By formulating 
the theory using M = 1 superfields, only one of the four supersymmetries 
is manifest and only a subgroup of the SU (4) R-symmetry group can be 
made manifest. Specifically, an SU(3) x U(1) subgroup of the SU(4) R- 
symmetry group is manifest in this formulation. The three chiral superfields 
transform as a 3 of the SU(3). The U(1) factor is the usual R symmetry of 
an N = 1 theory. From these considerations the superpotential is completely 
determined up to an overall normalization 


W ~ etr (©, ©; Ox) ~ tr(®1[P2, 63). 


The normalization is uniquely determined by the requirement of N = 4 
supersymmetry or SU(4) R symmetry. The correct result turns out to be 


W = V2tr(®1[®o, ®3]). (12.139) 


18 The adjoint fields V, W%, ©; are all written as matrices. For example V = 5>V“%t*. The 
matrices t? give a representation of the Lie algebra [T*,T°] = if? T° for which tr(t@t®) = 
k6*. The formulas are written for the fundamental representation of SU(N), which has k = 1. 
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Using the result of the previous exercise, one learns that the three chiral 
superfields have U(1) R charge 2/3. Since they are chiral, their scaling 
dimension is A = 3R/2 = 1, which receives no quantum corrections. o 





EXERCISE 12.7 

Consider a four-dimensional U (N) gauge theory with only adjoint represen- 
tation fields. Verify that a Feynman diagram with Euler characteristic x (in 
the same sense as in Eq. (12.92) scales as NX for large N. 








Fig. 12.8. Two-loop planar and nonplanar vacuum diagrams. 


SOLUTION 


In this case vertices, propagators and loops of the Feynman diagram cor- 
respond to the vertices, edges and faces of the two-dimensional surfaces, 
respectively. Each vertex contributes a factor 1/g?, each propagator con- 
tributes a factor g? and each loop contributes a factor N. So the Feynman 
diagram is proportional to 


(gEV NE = (A/N)E-Y NF = NX)E-V. 


For fixed A, the diagram scales as NX. A couple of examples are shown in 
Fig. 12.8. o 





EXERCISE 12.8 
Describe the Lie superalgebra for the supergroup PSU (2, 2|4). 


SOLUTION 


The discussion that follows is relevant to all four-dimensional superconfor- 
mal groups SU (2, 2|N). There is a similar analysis for three-dimensional su- 
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perconformal groups OSp(N|4) and six-dimensional superconformal groups 
OSp(6, 2|2N). 

Conformal groups in arbitrary dimension were described in Chapter 3. 
The generators consist of the Poincaré generators M,, and P, as well as 
the conformal generator K,, and the dilatation generator D. Generators can 
be assigned conformal weights determined by their commutation with D. 
Thus, since 


We VE | 05, Pal at Pie Dea 0k, 


M and D have weight 0, P has weight 1 and K has weight —1. This 
immediately determines which terms can appear in a commutation relation. 
For example, 


[Pu Kv] = 2iMpv — Zinu D. 


For N-extended supersymmetry in four dimensions, one adjoins super- 
charges Q4 and their complex conjugates Qaa. An upper A labels an 
N of SU(N) and a lower A labels the conjugate N representation. Since 
{Q,Q} ~ P, Q has conformal weight 1/2. It follows that the commutators 
[Q, K] should generate weight —1/2 generators. These are the superconfor- 
mal supercharges denoted Saa and gá. The SU(N) group theory requires 
that {Q4, s7} = 0, but 


Qå, Sap} = 100308 My + Cap R| B + C3Eagô D. 


In the special case of N = 4 one can impose R44 = 0, so that the R- 
symmetry group is SU(4). The supergroup is then called PSU (2,24). 
Given normalization conventions, the coefficients c; can be determined by 
analyzing the Jacobi identities. 

An alternative approach is to use the defining representation of the su- 
peralgebra in terms of supermatrices. In the case of SU(M|N) they have 
M + N rows and columns which can be written in block form 


A B 
x= 
(6 >): 
where A is M x M hermitian, D is N x N hermitian and B = Ct is Mx N 
fermionic. Also, the supertrace vanishes: 
StrX = trA —trD = 0. 


You are asked to explore this algebra in a homework problem. In this no- 
tation, the generators of the supergroup PSU(2,2|4) are assembled in a 
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supermatrix of the form 


3 My (aM) %3 + Do" Ky(ot)" SB 
X= Fulton's 2Mu(o ys — Dd", Os 
Qs Ss R? g 





EXERCISE 12.9 
Explain why the operators defined in Eq. (12.122) can be related to multi- 
trace operators for n > N. 


SOLUTION 


The operators 
Olle In = Tr" d om) diyya 


are totally symmetric and traceless, which ensures that these are chiral pri- 
mary operators. For example, 
IJ Tad rok 
ot = n( eo!) = (oon) 

These conditions imply that O belongs to an irreducible representation of 
the SU(4) R-symmetry group. The case n = 1 vanishes because the fields 
are N x N traceless hermitian matrices as appropriate for the Lie algebra 
of SU(N). The claim is that for n > N operators of this type can be re- 
expressed as products of traces up to terms that involve commutators, which 
can be ignored since they are descendent operators. 

To make the argument, one can assume that the fields are commuting, 
since this only involves dropping commutators. Since each field has N —1 in- 
dependent eigenvalues, there are N — 1 algebraically independent symmetric 
monomials made from these eigenvalues. In the case of SU(N) these inde- 
pendent monomials have order n = 2,3,...,N. This is the same reasoning 


by which one argues that these are the orders of the independent Casimir 
invariants of SU(N). 














12.4 Gauge/string duality for the conifold and generalizations 


The duality between type IIB superstring theory in an AdS5 x.S° background 
with N units of flux and NV = 4 super Yang-Mills theory with gauge group 
SU(N) is the simplest example of a large class of string theory/gauge theory 
dualities. This section says a little bit about some other examples. 
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Other gauge/string dualities 


In Section 12.1 we found that the metric for an extremal black D3-brane is 
ds? = H; ’da - dx + H?’ (dr? + r2d2), (12.140) 


where H3 = 1+(R/r)* and dx-dz is the four-dimensional Minkowski metric 
on the brane. The horizon is at r = 0, and the near-horizon geometry is 
AdS; x S°. There are also N units of five-form flux, and 


Rt = AÉ, (12.141) 


where À = gi,,N = 47g,N. In this section we wish to consider general- 
izations of this construction that are obtained by replacing the S° by other 
compact Einstein spaces.!? In other words, 


ds? = Hy'!?dx - dx + Hy!” (dr? + r2ds?), (12.142) 


where ds? is the metric of the Einstein space. 


Other N = 4 examples 


The six-dimensional metric dr? + rds? describes a cone. In fact, for any 
choice of ds?, other than a unit five-sphere, there is a singularity at the tip 
of the cone, r = 0. The physical interpretation is that N D3-branes are 
localized at this conical singularity. Another example that is still maximally 
supersymmetric is obtained by making antipodal identifications of the five- 
sphere, which amounts to replacing it by the smooth space RP°. There are 
actually a few distinct ways to carry out this construction. Depending on 
this choice, the dual M = 4 super Yang-Mills theory has a gauge group that 
is either SO(2N), SO(2N + 1) or USp(2N). 


N = 2 examples 


Another class of possibilities is to replace the sphere by an orbifold of the 
sphere S°/T, where I is a suitably chosen discrete group of SU(2) such as 
Zn. In this case, half the supersymmetry is broken so that the dual gauge 
is an NV = 2 superconformal Yang-Mills theory. In such examples the gauge 
group is typically a product group [[ SU(N;). In addition to the vector 
multiplets it contains hypermultiplets that transform as bifundmentals of 
the form (N;, N;). For example, in the case of Zz one obtains the gauge 
group SU(N) x SU(N) with hypermultiplets that transform as (N, N) and 
(N,N). 


19 An Einstein space is one for which Rmn = Cgmn, that is, the Ricci tensor is proportional to 
the metric tensor. 
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N = 1 examples 


The five-dimensional space X5 is called a Sasaki-Einstein space, if it is an 
Einstein space and if the six-dimensional cone over X5 is a noncompact 
Calabi-Yau space (with a conical singularity). Then 3/4 of the supersym- 
metry is broken. Therefore, the dual gauge theory on the world-volume 
of the D3-branes should be an N = 1 superconformal gauge theory. The 
formula for the AdS radius is modified to 
Vol(S°) 
Rt = Andi H. 12.143 
3 Vol( X5) ( ) 
For this ratio to be meaningful, it is important to choose coordinates in 
which Rmn = gmn for the Sasaki—Einstein space. 


Tt! and the conifold 


Chapter 10 introduced a noncompact Calabi-Yau space, called the conifold, 
with this structure. Recall that it was defined as a hypersurface in C4 by the 
simple equation $` (w4)? = 0. In this case, the five-dimensional space X5 
is Ttt = SU(2) x SU(2)/U(1), which has SU(2) x SU(2) x U(1) isometry. 
T'" is the simplest nontrivial case of a Sasaki—Einstein space. Its metric was 
given in Chapter 10. As was explained there, it has the topology S° x S?. 
This example is the simplest case of an infinite family of possible choices. 
This section explores this example in some detail, and then comments very 
briefly on the other ones. The bulk theory contains vector superfields that 
realize the SU(2) x SU(2) symmetry. There is also a U(1) gauge field in the 
AdS; supergravity multiplet. As is always the case, these local symmetries 
of the bulk theory correspond to global symmetries of the dual gauge theory. 
In particular, the part coming from the supergravity multiplet, which is U(1) 
in this case, is dual to the global R symmetry of the gauge theory. This R 
symmetry is contained in the superconformal algebra SU (2, 2|1). 


The dual gauge theory 


Let us now describe the gauge theory in more detail. The Ttt space can be 
obtained by smoothing out the Zə orbifold theory described above. This fact 
allows us to deduce that this is also an SU(N) x SU(N) gauge theory. Each 
N = 2 hypermultiplet decomposes into two N = 1 chiral supermultiplets. 
Thus, the gauge theory has two chiral superfields, denoted A;, transforming 
under the gauge group as (N,N) and two chiral superfields, denoted B;, 
transforming as (N, N). The A; fields form a doublet of one SU (2) symmetry 
and the B; fields form a doublet of the other SU(2). All four fields A; and 
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B; have R-charge equal to 1/2, a result that is determined by anomaly 
cancellation. 

The superconformal symmetry group implies an inequality between the 
R-charge and the dimension 


A > 3R/2, (12.144) 


which is analogous to a BPS bound. The As and Bs are chiral fields that 
saturate this bound, and therefore their dimensions are determined by their 
R-charges. Thus, they have dimension A = 3/4.2° Since the naive dimension 
is 1, this means that these fields have anomalous dimension A, = —1/4. The 
superpotential, which is required to have dimension equal to three and R- 
charge equal to two, is of the form 


W ~ tr(A1B1A2B2 = AıB24A2B1). (12.145) 


This is the unique structure with these values that respects all the local and 
global symmetries. 


A test of the duality 


Many tests of this duality have been carried out successfully. Let us describe 
one of these results. To make a comparison to the bulk theory, one must 
form gauge-invariant operators. The appropriate ones in this case are 


Ok = tr (Ai Bj stars Aj, Bj, ) x (12.146) 


These are chiral primary operators if the ¿s and js are separately sym- 
metrized. Then this operator belongs to the (k + 1,k + 1) representation 
of the global SU (2) x SU(2). The R-charge of these operators is k and 
the dimension is A, = 3k/2. The duality requires that the bulk theory 
should have corresponding scalar fields belonging to short supermultiplets 
with mass given by mê = A;,(A; — 4) as in Eq. (12.116). The Kaluza-Klein 
analysis of the scalar modes on T!! gives precisely such states with the 
correct SU (2) x SU (2) x U(1) quantum numbers. 


Adding fractional D3-branes 


The fun really starts when we add wrapped D5-branes to the previous con- 
struction. This breaks the AdS symmetry and take us out of the realm of 
conformal symmetry for the dual gauge theory. This is significant, because 
then many physically important phenomena appear. There are various ways 


20 These fields are allowed to violate the unitarity bound A > 1, because that bound only applies 
to gauge-invariant operators. 
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one can add D5-branes. They could wrap the entire T!", its three-cycle or 
its two cycle. As in Section 10.2, we wish to consider the case in which M 
D5-branes wrap the two-cycle at the base of the deformed conifold geome- 
try. As was explained there, when such fractional D3-branes are included, 
the geometry undergoes a logarithmic warping, but supersymmetry remains 
unbroken, since the relevant three-form flux is primitive. 

The effect of the D5-branes on the gauge symmetry can be understood 
as follows. Suppose that there is only one of them and it is somehow held 
at a nonzero value r = ro. Then it forms a domain wall in five dimensions 
separating the regions r < rọ and r > ro. As one crosses the domain 
wall, the gauge symmetry changes from SU(N) x SU(N) for r < ro to 
SU(N) x SU(N +1) for r > ro. Iterating this M times, and letting ro > 0, 
one deduces that, when there are M D5-branes, in addition to the usual N 
D3-branes, at the tip of the conifold the gauge symmetry is 


SU(M + N) x SU(N). (12.147) 


More precisely, this is the gauge symmetry in the ultraviolet, which corre- 
sponds to large r. The four chiral superfields then belong to the representa- 
tion (M + N,N) and its complex conjugate. It was shown in Section 10.2 
that the warp factor is modified to the form?! 


_ 99sMa! 
So 


This logarithmic warping of the AdS geometry implies that the dual NV = 1 
gauge theory with M > 0 is no longer conformal, and therefore it has a 
nontrivial renormalization group flow. The details are described below. 


LA 
e tA) — = log(r/rs), r? (12.148) 


R-symmetry breaking 
One consequence of the addition of the fractional D3-branes is to break 
the U(1) gauge symmetry of the bulk theory and the dual global U (1) R 
symmetry of the gauge theory. These phenomena can be explored separately 
and shown to match as required. 

In the gauge theory with M > 0 the U (1) R-symmetry current J” develops 
an anomaly. By computing the appropriate one-loop triangle diagrams, as 
described in Exercise 12.8, one finds that 

M 5 b Ab 
G a Ceu =G G w , (12.149) 
where F4, are SU(M+N) field strengths and G}, are SU(N) field strengths. 


21 Various constants that were presented in Section 10.2 are absorbed in the parameter rs here. 


674 Gauge theory/string theory dualities 


The integrated expression is the same as what one gets by shifting a 0 
parameter by 7/M, and therefore the R symmetry is broken to the discrete 
group Zom. 

In the bulk theory, the U(1) gauge field eats a scalar field, thereby breaking 
the U(1) gauge symmetry spontaneously. The scalar field that is eaten 
is the one that is dual to the operator F tF GEKTE Gt Geur . In terms of 
the geometry, the U(1) symmetry appears as symmetry under shifts of the 
coordinate 3 introduced in Section 10.2. However, after the fractional D3- 
branes are introduced, there is also a nonzero R-R potential C2 that shifts 
by C2 > Cz + Ma’ew2 when 8 — 8B +e. Integrating this over the 92 inside 
Ttt, one deduces that the symmetry is broken to discrete shifts by multiples 
of 1/M, that is, Zom. 


The duality cascade 


The warp factor in Eq. (12.148) contains the factor log(r/r,). Using the rule 
that r is proportional to energy scale in the gauge theory, this corresponds 
to log(u/A), where u is the running scale and A is the fundamental scale of 
the gauge theory. These formulas are well defined for large r and large u. So 
the question arises as to what happens as these are decreased and approach 
the singularity. This is referred to as the flow to the infrared. 

In the M = 4 theory, we had the relation IÊ = 4rgs, which can be 
re-expressed as @ = gs, where a = g%y,/4m. The generalization of this to 


the M = 1 theory described by the warped conifold is 
1 1 
mes zE (12.150) 
arlu) az(u) gs 


The index 1 refers to SU(M + N) and the index 2 refers to SU(N). The 
dilaton is a constant in the warped conifold geometry, so this implies the 





constancy of the left-hand side. This can be verified by computing the 
one-loop beta functions of the gauge theory. The difference of the inverse 
couplings exhibits the expected logarithmic running 


1 1 
ailu) @2(u) 
The coefficient on the right-hand side is easily computed in the gauge theory, 





3M 
ae log(w/A) + const. (12.151) 


and it has been verified in the dual string geometry. 

These formulas show that, as u decreases, which corresponds to decreasing 
r, 1/a, decreases and 1/az increases. What happens when 1/a; — 0? This 
question needs to be answered both in the framework of the gauge theory 
and the string theory. There is a beautiful answer in the gauge theory, 
known as Seiberg duality. 
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To cut a long story short, Seiberg showed that one can continue NV = 
1 gauge theories of this type across the singularity, provided one replaces 
the gauge theory by a different one, called the Seiberg dual, on the other 
side! For an SU(N.) theory with Ne colors and Np > Ne flavors (meaning 
chiral superfields in the fundamental representation), the Seiberg dual is 
an SU(N; — Ne) gauge theory with Ny flavors.?? In the present context, 
N: = M +N and Ny = 2N. Therefore, the SU(M + N) gauge group 
gets replaced with an SU(N — M) gauge group. Altogether, when the dust 
settles, one has an SU(N) x SU(N — M) gauge theory that is isomorphic 
to the theory one started with in the UV, with N replaced by N — M. This 
process repeats k times as one flows to the infrared so long as N — kM 
remains positive, and then it ends. For example, if N is an integer multiple 
of M, the final gauge theory in the IR is M = 1 SU(M) gauge theory with 
no chiral matter. The renormalization group flow is plotted in Fig. 12.9. 


Confinement 


N = 1 SU(M) gauge theory with no chiral matter is well known to exhibit 
confinement and a mass gap. Also, it has a gaugino condensate that breaks 
the discrete R symmetry Zəm — Zo. So the question arises how these 
features are manifested in the bulk string theory. The basic mechanism was 
already hinted at in Chapter 10. The naked singularity in the metric at rs is 
removed because the conifold becomes a deformed conifold. Recall that this 
corresponds to a manifold given by an equation of the form Y (w4)? = e?. 
The parameter € is related to r, by € ~ rel *. This smooths out the tip of 
the conifold and cuts off the space-time before one reaches a horizon. In 
other words, r = 0 is no longer part of the space-time. 


22 There are also some other fields that are not relevant to the present discussion. 





Fig. 12.9. The renormalization group flow of the duality cascade. 
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Sasaki—Einstein spaces 


As stated earlier, Sasaki—Einstein spaces in five dimensions are defined to 
be Einstein spaces, whose cones are Calabi-Yau three-folds. Such manifolds 
can also be expressed as circle bundles over a four-dimensional Kahler base. 
In the case of T'! the explicit metric in Chapter 10 shows that the base is 
S? x S?, and the metric has SU(2) x SU(2) x U(1) isometry. 

In 2004 an infinite family of new Sasaki—Einstein spaces, called Y??, where 
p and q are coprime integers, were discovered. All of these spaces are topo- 
logically $? x $%, but their isometry is only SU(2) x U(1) x U(1). Each of the 
Y?4 Sasaki—Einstein spaces give rise to a dual M = 1 conformal field theory, 
all of which have been identified. Moreover, the phenomena discussed above, 
including a duality cascade when fractional D3-branes are present, occur for 
each of these theories. In 2005 an even larger set of Sasaki—Einstein spaces, 
denoted L”:%", was constructed. These are also topologically S? x $?, but 
their isometry is further reduced to U(1) x U(1) x U(1). One now has a rich 
set of examples with which to carry out many interesting studies of string 
theory/gauge theory duality. 





EXERCISES 





EXERCISE 12.10 
Verify the R-symmetry anomaly Eq. (12.149). 


SOLUTION 


If a classical Lagrangian has a chiral U(1) global symmetry, there can be 
an anomaly due to one-loop triangle diagrams, which have one U(1) current 
and two gauge fields attached. Each chiral fermion circulating in the loop 
gives a contribution to the anomaly that is proportional to its U(1) charge. 
In the case of a single gauge group G with field strength F/f,, the formula is 


K a 
U a pav 
ð, J" = 3972 Figh 
where K = X` NnmRm. Here, nm is the number of chiral fermions with 
R-charge Rm. More precisely, in the case of SU(N), each fundamental rep- 
resentation chiral fermion counts as Nnm = 1 and each adjoint representation 
chiral fermion counts as nm = 2N. 


12.5 Plane-wave space-times and their duals 677 


The chiral superfields A; and B; each have R = 1/2. The chiral fermions 
in these multiplets, which are coefficients of 0a, therefore have R-charge 
—1/2. Similarly, the chiral gluinos have R = 1. Thus, in the case of the 
SU(M + N) the total contribution is 


K =4N -(-1/2)+2(M+N)-1=2M 
and in the case of SU(N) 
K =4(M + N) - (-1/2)+2N - 1 = —2M. 











There are the required results. 





12.5 Plane-wave space-times and their duals 


As was explained earlier, the tree-level approximation to the type IIB super- 
string theory in an AdS; x 9% background, with N units of R-R flux through 
the five-sphere, corresponds to the planar approximation to the dual V = 4 
super Yang-Mills theory with an SU(N) gauge group. Both sides of this 
duality, even for the planar/tree-level approximation, are difficult. With 
great effort, one can compute a few order in A in the field theory and a few 
orders in a’ in the string theory. However, these are expansions in opposite 
limits and cannot be compared. 

Compared with superstring theory in flat space, there are two severe com- 
plications. One is that the background geometry causes the world-sheet 
theory to be a nonlinear system. Thus, solving classical string theory in 
this geometry is mathematically the same as solving a complicated inter- 
acting two-dimensional quantum field theory. The second difficulty is that 
the background includes nonzero R-R gauge fields, specifically the self-dual 
five-form field strength that threads the five-sphere with N units of flux. 
The RNS formalism is not capable of handling R-R backgrounds, so one 
is forced to use the GS formalism. This formalism is notoriously difficult 
to quantize, especially if one wants to keep the symmetries of the geometry 
manifest. 


The type ITB plane-wave 


There is a plane-wave limit of AdS; x SŽ geometry that can be defined that 
gives a space-time of intermediate complexity between AdS and flat space- 
time, which is also maximally supersymmetric. In this geometry it is more 
difficult to define the duality, because there is not a well-defined dual gauge- 
theory. Instead, one has to consider limits of appropriately defined families 
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of correlation functions. This can be done analytically, however, and the 
duality can be subjected to nontrivial tests. Let us discuss the string theory 
side of the story first. 

The geometry is a product of two factors, one for the AdS space and one 
for the sphere: 


ds*(AdSs) = R?(— cosh? pdt? + dp? + sinh? p d9), (12.152) 


ds*(S°) = R? (cos? 0 do? + d8? + sin? 6d03). (12.153) 
3 


The appropriate limit to consider is an example of a type of limit proposed 
by Penrose and therefore called a Penrose limit. The idea is to blow up the 
neighborhood of a light-like trajectory in the space-time in such a way as to 
obtain a nontrivial limit. Specifically, we wish to focus on the neighborhood 
of a point moving around a circumference of the sphere with the speed of 
light. 

In order to implement the desired Penrose limit, let us define new coor- 
dinates as follows: 


r=Rsinhp, y= Rsiné, (12.154) 


gt =t/p, x£ = uR (ẹ-— t). (12.155) 





Here, u is an arbitrary mass scale introduced so that x* have dimensions 
of length. By rescaling xt and x7, u could be set equal to one without loss 
of generality, but this won’t be done. The coordinate x~ has period 2ruR? 
as a consequence of its dependence on ¢, and so the conjugate (angular) 
momentum is P_ = J/uR?, where J is an integer. This integer is interpreted 
in the dual gauge theory as the R charge associated with an arbitrarily 
chosen U(1) subgroup of the SU(4) R symmetry. 

Now consider the infinite-radius limit R — oo, holding r, y, x* fixed. This 





gives the plane-wave geometry?’ 


8 
ds? = 2detde- + 944(a")(det)? +S  delda’, (12.156) 
I=1 
where 
g44(a") = —p?(r? + y?). (12.157) 


23 This is a special case of a plane wave. The general definition allows g44 = Arz(a+)ata7. The 
term pp-wave is frequently used. 
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The radial coordinates r and y are defined by 


8 
ras Gy and y= D(a (12.158) 


Note that the limit u — 0 gives flat ten-dimensional Minkowski space-time. 
The dimensionless statement is ua’ P_ — 0. 

As far as the space-time geometry is concerned, there is SO(8) rotational 
symmetry in the eight transverse directions. However, this symmetry is 
broken to SO(4) x SO(4) by the R-R five-form field strength, which (in the 
limit) has the form 


F; ~ udg? A (da! A dx? A dx? A dx* + dx? A dx® A dz? A dx’). (12.159) 


The limiting solution has just as much symmetry as the original one; it is 
still a maximally symmetric space-time. In fact, its supergroup of isometries 
is a Wigner-Inönü contraction of the original PSU (2, 2|4) supergroup. 

The complicated AdSs x 5° GS world-sheet action, mentioned above, 
simplifies dramatically in the plane-wave limit, especially if one chooses light- 
cone gauge xt = P_r.*4 For this choice, one finds that the action is a 
free two-dimensional field theory! The only modification of the flat-space 
light-cone gauge world-sheet action, described in Chapter 5, is that the 
eight world-sheet bosons x7 and the eight world-sheet fermions S% are now 
massive, with mass u. Thus, the x7, for example, satisfy a two-dimensional 
Klein-Gordon equation, rather than a two-dimensional wave equation. To 
be explicit, the light-cone gauge world-sheet action takes the form 


1 
27a! 
The matrix T, = TyPel3l4 = I5r6r7r8, where these matrices l's are SO(8) 
gamma matrices. Normally, the last product should also contain a factor Tg. 





S= GG — x? — ur?) + islo- 3+ wl .)S). (12.160) 


That is not shown because the chiral spinor S satisfies [9S = S. Because 
of the matrix [,, the fermion mass term, which arises from the coupling to 
Fs, breaks the symmetry from S'O(8) to SO(4) x SO(4), as expected. This 
action has as much supersymmetry as in the flat-space u = 0 limit. 

It is easy to generalize the usual decomposition of the motion of a free 
string in harmonic oscillators to this case. Fourier analysis and quantization 
give harmonic oscillator operators satisfying 


la} a] = 8 bn mayne Z, I,J=1,2,...,8. (12.161) 


m?! |n 





24 Many authors write P* rather that Pz. These are equivalent in flat space, where the former 
notation is usually used. However, the latter is more precise, since momenta are naturally 
one-forms. 
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The mass terms in the world-sheet action mix left-movers and right-movers. 
Therefore, it is convenient to allow mode numbers to run over all integers 
rather than to treat left-movers and right-movers separately. In the limit 
u — 0, left-movers and right-movers would decouple and correspond to 
positive and negative indices. Note also that the zero modes are described 
by harmonic oscillators, rather than continuous momenta pz. This reflects 
the fact that g++ acts like a confining quadratic potential restricting motion 
into the transverse directions. 
The frequency of the nth oscillator is 


Wn = ~14+(n/pa)?, (12.162) 


where a = a’/P_. Then the light-cone Hamiltonian, which describes evolu- 
tion in T (and hence 27) is 


oo 8 
He =p y DTA + fermions. (12.163) 


n=—co [=1 


The eigenvalues of this Hamiltonian give the allowed values of P}. The 
zero-point energies of the bosons and fermions cancel, so no regularization 
is required. 

The Fock space is constrained by 


oo 8 
`> `> natla! + fermions = 0, (12.164) 


n=—co [=1 


which generalizes the usual level-matching condition. This constraint arises 
as a consequence of translation symmetry of the spatial world-sheet coordi- 
nate. 


The dual gauge theory limit 


Let us now consider the implications for the dual gauge theory. The Penrose 
limit R — oo corresponds to J, N — oo with finite 


MN, (12.165) 


which is the loop expansion parameter introduced by Berenstein, Maldacena, 
and Nastase (BMN). By definition, BMN operators are the class of gauge- 
invariant operators of the gauge theory that survive, with finite anomalous 
dimension, in the Penrose/BMN limit. 

The key duality formula relates the anomalous-dimension operator A, of 
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a BMN operator to the light-cone gauge energy of the corresponding state 
in the plane-wave string theory 


A,=A-J e P, =H. (12.166) 


Here, A denotes the dimension and J is the U(1) R charge. Note that 
both of these become infinite in the limit under consideration, but that 
the difference remains finite for BMN operators. Viewed in terms of global 
coordinates, so that the dual gauge theory is defined on S° rather than R3, 
A, can be alternatively interpreted as an energy. For half-BPS states, which 
correspond to short representations, the anomalous dimension A, vanishes. 
The BMN operators, by contrast, are not BPS, but they are kept sufficiently 
close to BPS operators so that the anomalous dimension remains finite in 
the limit. These operators are characterized by having an R charge J that 
scales like N!/? in the large N limit. For most operators the limit of Aa 
is infinite. Such operators are presumed to decouple in the Penrose/BMN 
limit and are therefore not considered. 
This duality can be tested perturbatively in three quantities 


N e 1/(pa'P_)?, (12.167) 
g=J /N = 4ng (ua P}, (12.168) 
1/J © 1/(pR?P_). (12.169) 


In each case, we have written dimensionless gauge-theory quantities on the 
left and the corresponding string-theory quantities on the right. The A’ 
expansion is the loop expansion in the gauge theory (for correlation functions 
of BMN operators), and the g2 expansion is the loop expansion of the string- 
theory description. 

Since the plane-wave string theory is tractable, it is possible to obtain 
results that are exact in their \’ dependence. In special cases these results 
can be reproduced in the dual field theory. Thus, for example, Fock-space 
states of the form ahia? |0) correspond to certain single-trace two-impurity 
operators in the gauge theory. To leading order in g2 and 1/J, but all orders 
in A’, it has been verified in the gauge theory that, for these operators, 


Aa =2V1+ Nn? (12.170) 


in agreement with expectations based on Eqs (12.162) and (12.163). 

Some of the first-order corrections in gz and 1/J have also been exam- 
ined, and agreement with the duality predictions has been found. The go 
corrections are obtained by using the vertex operator of the light-cone gauge 
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string field theory. (Its construction is a long story that we won’t pursue 
here.) The 1/J corrections are obtained by keeping track of the leading 
1/R? corrections to the Penrose limit. This is straightforward, in principle, 
but rather complicated in practice. 


The M-theory plane-wave duality 


Let us now mention the corresponding results for M-theory. The AdS4 x S7 
and the AdSv x St solutions have identical Penrose limits. This background 
turns out to be given by 


9 
ds? = 2dx*tda~ + g44(a")(det)? + ie dx! da, (12.171) 
I=1 
where 
IERA 2 2 
g++ (2 ) = —p"((r3/3)° + (r6/6)°). (12.172) 


The coordinate rz is the radial coordinate for three of the z? s and re is the 
radial coordinate for the other six of them. The transverse symmetry in 
this case is SO(3) x SO(6). The M theory four-form field strength takes the 
form 


Fy ~ udg? A dx! A^ dx? A dz’. (12.173) 


The dual gauge theory in this case is a version of Matrix theory. It is a 
massive deformation of the original Matrix-theory proposal for a dual de- 
scription of M-theory in flat 11-dimensional space-time, which was discussed 
in Section 12.2. 





EXERCISES 





EXERCISE 12.11 

Starting from the light-cone gauge action in Eq. (12.160), generalize the 
analysis given in Chapter 2 to derive the mode expansions of the bosonic 
fields and the quantization conditions. Also, derive the corresponding for- 
mulas for the fermions. 
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SOLUTION 
Varying the action gives the equation of motion 
(—@ + 07)x? — X! =0, 


where we have set u = 1 for simplicity. Thus, the mode expansion of X/ 
can be written in the form 


X 


ental 2 eral) errr. 


l(g,7) =i D a 


n=— CoO 


where 


> 


wn = fk2 +1 and "= oo 
The canonical quantization condition 
[X1 (a), P(o] = if 5(o — 0’), 
where 
P! (0,7) = X! (0,7) / (2ra, 


gives the standard bosonic oscillator commutation relations in Eq. (12.161). 
Similarly, for the fermions the equation of motion is 


iS + S) ATS = 0. 


We have 


S (Irs + wn — kn|Ste7int 


ku 1 
(o, T) = `> TE 


n=— o0 


+[1 — (wn — kn) Ts] Shel" ) e=», 
Using the canonical quantization condition 
{S%(0,7), S (o',T)} = 2na'5(o — 0’), 
one obtains standard fermionic oscillator anticommutation relations 


erase St) 5 Ôm nð” m,n E€ Z. 
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12.6 Geometric transitions 


The gauge theory that is dual to the flux model involving the type IIB super- 
string theory on the deformed conifold was discussed earlier in this chapter. 
It was emphasized that many other models describing supergravity/gauge 
theory duals have been constructed. Some of these dual descriptions can be 
obtained by analysis of a geometric transition. 


M-theory on 
G, holonomy 
manifold 


M-theory on 


G, holonomy 
manifold 


reduc- 
tion 


IIA D6é-branes geometric IIA with fluxes 
on deformed | ——ransition ” | on resolved 
conifold conifold 


nino] | mirror 


IIB D5-branes geometric IIB with fluxes 
on resolved transition on deformed 
conifold 








conifold 





Fig. 12.10. Geometric transitions and flops in M-theory. 


The basic idea of a geometric transition is that a gauge theory describing 
an open-string sector, that is, a gauge theory on D-branes, is dual to a 
flux compactification of a particular string theory in which no D-branes 
are present, but fluxes are present instead. In other words, as a modulus is 
varied, there is a transition connecting the two descriptions. Many quantities 
in the gauge theory, in particular the superpotential, can be computed in 
terms of fluxes integrated over suitable cycles. Some of the models that are 
related in terms of such a transition are displayed in Fig. 12.10. Let us now 
explain the basic idea. 

Recall that, in Chapter 9, the conifold was presented as an example of a 
noncompact Calabi-Yau manifold that is described as a cone with an S? x S$? 
base. Two methods to blow up the singularity at the tip of the cone (r = 0) 
were discussed. They give the deformed conifold and the resolved conifold. 
In the former case the 9° is blown up, while in the later case the S? is blown 
up, so that the resulting geometry is nonsingular. These geometries can be 
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related in terms of a conifold transition, in which the S*® shrinks to zero 
size and the S$? is blown up. Both geometries play a role in the context 
of geometric transitions, which link a series of gauge theory/supergravity 
models. These dualities can be checked by computing the corresponding 
topological string partition functions.2° This is beyond the scope of this 
book, so here we settle for a description of the result. 

The first geometric transition described in the lower two boxes of Fig. 12.10 
is in the context of the type IIB theory. The precise statement is that the 
gauge theory resulting from a system of D5-branes wrapping the S° of the 
resolved conifold undergoes a geometric transition in the strongly coupled 
limit in which the S? shrinks to zero size, but the theory avoids the singular- 
ity as an S° is blowing up. The resulting model has no D-branes but fluxes 
that thread through the $3. Since two different geometries are related in 
this process, the term geometric transition is used to describe it. 

This type IIB process has a type IIA mirror dual, which is illustrated in 
the two boxes appearing in the middle of the figure. In the mirror picture 
a system of D6-branes wrapping the 9° of the deformed conifold undergoes 
a geometric transition in which the S° shrinks to zero size and an 9? is 
blowing up. The resulting closed-string theory has fluxes threading through 
the S? but no branes. Again, there is a duality between an open-string 
sector containing D-branes and a closed-string sector containing no branes. 

An interesting result emerges once this type IIA theory is lifted to M- 
theory. In this process the background becomes a G'2-holonomy manifold, 
described in terms of a cone with an S3 x $3 base, as the 9° of the deformed 
conifold is lifted to an $3. The 3-sphere S® has finite size while $3 has 
vanishing size at the tip of the cone. A so-called flop interchanges S3 and S3 
leading to M-theory compactified on another G'2-holonomy manifold. This 
provides an alternative (geometrical) description of the type II geometric 
transition, in terms of a flop in M-theory. Using dimensional reduction and 
mirror symmetry, the complete duality chain presented in Fig. 12.10 can be 
understood. 

Geometric transitions provide a beautiful relation between gauge theories 
and flux compactifications, similar in spirit to that discussed for the type 
IIB theory on the deformed conifold in the previous section. Through a 
series of string dualities several different theories can be related in terms 
of the duality chain presented in Fig. 12.10. Using further string dualities, 
geometric transitions also can be discussed in the context of the heterotic 
string theory. 


25 An alternative derivation can be obtained from the explicit string-theory backgrounds. 
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HOMEWORK PROBLEMS 





PROBLEM 12.1 
Verify that Eqs (12.4) and (12.5) give a solution of the Killing spinor equa- 
tion (12.3). 


PROBLEM 12.2 
Derive the temperature and entropy per unit p-volume of the nonextremal 
black p-brane solution in Eq. (12.31). 


PROBLEM 12.3 

Derive Eq. (12.41) for the relation between the entropy of a black string 
versus an array of black holes discussed in Section 12.1 in the context of the 
Gregory—Laflamme instability. 


PROBLEM 12.4 
The superalgebra SU(M|N) can be represented by supermatrices, as sketched 
at the end of Exercise 12.5. They can be written in block form 


AB 
= >): 


where A is M x M hermitian, D is N x N hermitian and B = Ct is M x N 
fermionic. Also, the supertrace vanishes: StrX = trA—trD = 0. Show that 
commutation of these matrices defines a closed superalgebra that satisfies 
the super Jacobi identities. Explain why a U (1) factor decouples for M = N. 


PROBLEM 12.5 
Consider SU(N) super Yang-Mills theory for D = 5 with 16 supercharges. 
Determine the global R symmetry and the field content of this theory. 


PROBLEM 12.6 
Derive equation Eq. (12.101) from the three previous equations. 


PROBLEM 12.7 
Verify that the identification of coordinates in (12.99) relates the Poincaré 
patch metric to the global AdS metric. 
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PROBLEM 12.8 

Derive the field equation following from the action Eq. (12.115). Show that 
the solution for this equation is given in terms of Bessel functions whose 
asymptotic behavior at z = 0 is of the form @ ~ z% with a given by 
Eq. (12.117). 


PROBLEM 12.9 

Consider the Born—Infeld action for a single probe D3-brane in an AdSs5 x S° 
background. Show that, when the metric is expressed in terms of a radial 
coordinate u = r/a’, all a’ dependence cancels. What do you think is the 
significance of this result? 


PROBLEM 12.10 

The volume ratio in the formula for the AdS radius in Eq. (12.143) is deter- 
mined in the dual gauge theory by certain gravitational anomalies that are 
analogous to the R-symmetry anomalies considered in the text. In the case 
of the conifold, the field theory analysis predicts that Vol(T'!!) = 58Vol(S°). 
By computing Vol(7!') show that this is correct. 


PROBLEM 12.11 
Consider an A,_; singularity obtained by modding C? by Zn 


(21, Z2) > (wz, w 122), 


where w = exp(277/n) is an nth root of unity. Consider Nn D5-branes in 
the type IIB theory placed at (z1,z2) = (0,0) and consider the action of 
Zn to correspond to permuting the Nn branes arranged in n groups of N 
D5-branes. Using orbifold techniques, determine which gauge theory lives 
on the branes. 


PROBLEM 12.12 

Consider the type IIB theory on a Ag singularity times a T?. Describe 
what the 1/4 BPS states of the SU(3) N = 4, D = 4 Yang-Mills theory 
correspond in this picture. Hint: the three-string junction introduced in 
Chapter 8 is relevant. 


PROBLEM 12.13 

Verify that the M2-brane solution in Section 12.1 is a solution of the field 
equations if H satisfies the eight-dimensional Laplace equation and the warp 
factor is that in Eq. (12.6). Repeat your calculation for the M5-brane de- 
scribed in Section 12.1. 
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PROBLEM 12.14 
Using Eqs (12.55) to (12.60) show that the explicit form of the action for 
Matrix theory takes the form of a sum 


L=Ly+Lat Lg + Ltermi, 
as stated in Eq. (12.61). The action for the fluctuations Y is 





i i far(4¥j(02 ri + dyi(a2 — r?)¥d + Lydo2ys 


— geeti B Y Y Y = Gee ey yy) ; 
The action for the gauge field is 
S= i J dr (3A (0? — r?) Ay + 4 Ao(O2 — r?) Ap + 1438243 


+2130, B} Aa Y$ + ger, Yi AYE 


— get Bi A ALY! = genbeerte A Yi A Yi) 
The action for the ghost fields is 
TER dr(Cł(-0? + r?)C1 + C3(—82 + r?)C2 — 030203 


+ /Ge™™O,C2C A. — Gere BOr O Yi). 
Finally the action for the fermionic fields is 


Stermi = if dr (ut, — Ty, — by2)p_ + y L(Y — iYi wl yids 
+3UF Ons + EY + DUT yy — iy/G(Ar — Aa wT ds 


+iy/$(Ar + ida) es — VaVivT rid + ivGAgv Td). 


Derive the explicit form of Sy, Sa and Sfermi. In this last action new 
fermionic fields were introduced 

Y+ = 5 (Yı + ipa) v= = (Yı — ie). 
Hint: once you decompose the fields of the theory in terms of Pauli matri- 
ces according to Eq. (12.60), use the following decomposition the gamma 
matrices appearing in the action Eq. (12.55) 


T? = o? Q Liexis, I’ = ict 87}, 
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where o’ are Pauli matrices and 7’ are real and symmetric. 


PROBLEM 12.15 

Derive the equations of motion that follow from the Dp-brane action in 
Eq. (12.18), and show that these equations are solved by Eqs (12.19), (12.20), 
(12.21) and the flux given by Eq. (12.22). 


PROBLEM 12.16 

Generalize Problem 12.15 to show that the nonextremal Dp-branes described 
by Eq. (12.31) are nonsupersymmetric solutions to the equations of motion 
following from the action Eq. (12.18). 


PROBLEM 12.17 

Verify that the leading term in the large v large r expansion for Matrix 
theory at one-loop is given by Eq. (12.70). Also, verify the numerical coef- 
ficient. 


PROBLEM 12.18 
Show that the fermionic propagator in Eq.(12.66) is a solution to Eq.(12.65). 


Bibliographic discussion 


In the following we briefly indicate some of the main references for each of 
the chapters other than the introductory one. Many more works are listed at 
the end than are mentioned in the discussion. The subject is so vast that it is 
impossible to include every important contribution. We apologize in advance 
for any omissions. Additional bibliographic discussions and references can 
be found in the previous books Green, Schwarz and Witten (1987), referred 
to as GSW, Polchinski (1998) and Zwiebach (2004). In addition to these, 
other previous string theory books include Kaku (1988, 1991, 1999, 2000), 
Polyakov (1987b), Liist and Theisen (1989), Kiritsis (1998), Johnson (2003), 
Hori et al. (2003), Douglas et al. (2004) and Szabo (2004). 

Most contributions since 1991 have been posted on the eprint archives. 
Thus, for example, an article whose listing includes the information E-print 
hep-th/9612080 can be found on the internet at http://arxiv.org/abs/hep- 
th/9612080. This gives a page containing the abstract of the article as well 
as links to PostScript and PDF versions of the entire manuscript. 


Chapter 2 


While there is an important prehistory that set the scene, discussed in GSW, 
string theory begins with the discovery of a four-particle scattering ampli- 
tude for open strings in Veneziano (1968). This was rapidly generalized 
to multiparticle amplitudes and closed-string amplitudes. The recognition 
that these amplitudes actually describe one-dimensional extended objects 
(strings) was made independently in Nambu (1970a), Nielsen (1970) and 
Susskind (1970). 

The formula for the string action as the area of the world sheet was intro- 
duced independently in Nambu (1970b), Goto (1971) and Hara (1971). The 
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harmonic-oscillator operator description of the string spectrum and ampli- 
tude was introduced in Fubini, Gordon and Veneziano (1969) and developed 
in Fubini and Veneziano (1969, 1970, 1971). The Virasoro constraints first 
appear in Virasoro (1970). The central extension (or conformal anomaly) 
in the Virasoro algebra was discovered by J. Weis (unpublished). The first 
indication of the critical dimension D = 26 was obtained in Lovelace (1971). 
Two different proofs of the no-ghost theorem were presented in Brower 
(1972) and Goddard and Thorn (1972). The latter is the one described 
in the text. The interpretation of the relation between the critical dimen- 
sion and the mass of the ground state in terms of zero-point fluctuations 
was given in Brink and Nielsen (1973). 

Light-cone gauge quantization of the Nambu-—Goto action was worked 
out in Goddard, Goldstone, Rebbi and Thorn (1973). The string sigma- 
model action with an auxiliary two-dimensional world-sheet metric tensor 
was constructed independently in Brink, Di Vecchia and Howe (1976) and 
Deser and Zumino (1976b). In fact, they also presented the generalization 
to the RNS string of Chapter 4. 

Review articles describing the developments in the early 1970s are Alessan- 
drini, Amati, Le Bellac and Olive (1971), Schwarz (1973), Veneziano (1974), 
Rebbi (1974), Mandelstam (1974) and Scherk (1975). The first five of these 
are reprinted in Jacob (1974), and the last one (Scherk) is reprinted in 
Schwarz (1985). 


Chapter 3 


The modern path-integral treatment of string theory was initiated for the 
bosonic string in Polyakov (1981la) and for the RNS string in Polyakov 
(1981b). This led to an appreciation of the importance of conformal symme- 
try and the significance of the conformal anomaly. The Polyakov approach 
was developed in Friedan (1984) and Alvarez (1983). 

Important original papers developing the techniques of two-dimensional 
conformal field theory include Belavin, Polyakov and Zamolodchikov (1984) 
and Friedan, Qiu and Shenker (1984). Minimal models, in particular, first 
appear in these papers. The construction of conformal field theories associ- 
ated with Lie groups was developed in Witten (1983, 1984), while the coset 
construction given in the text is based on Goddard, Kent and Olive (1985). 
Useful reviews of two-dimensional conformal field theory include Goddard 
and Olive (1986), Moore and Seiberg (1989), Liist and Theisen (1989) and 
Ginsparg (1991). 
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The BRST symmetry of Becchi, Rouet and Stora (1974, 1976) and Tyutin 
(1975) was first applied to string theory in Kato and Ogawa (1983). 

The calculation of beta functions of two-dimensional sigma models was ex- 
plained in Alvarez-Gaumé, Freedman and Mukhi (1981) and Friedan (1985). 
This was applied to the string world-sheet action in the presence of back- 
ground fields in Callan, Friedan, Martinec and Perry (1985). The subject is 
reviewed in Callan and Thorlacius (1989) and Tseytlin (1989). The linear 
dilaton theory is discussed in Chodos and Thorn (1974) and Myers (1987). 

Witten’s open-string field theory is presented in Witten (1986). 


Chapter 4 


The RNS model originated with the construction of a free wave equation 
for fermionic strings in Ramond (1971) and the discovery of the interacting 
bosonic sector in Neveu and Schwarz (1971). The formalism was devel- 
oped further in Neveu, Schwarz and Thorn (1971) clarifying how the super- 
Virasoro constraints are implemented. The no-ghost theorem was proved 
in Goddard and Thorn (1972), Schwarz (1972) and Brower and Friedman 
(1973). 

The global world-sheet supersymmetry of the gauge-fixed RNS model 
was first explained in Gervais and Sakita (1971). This supersymmetric 
theory was understood at about the same time as the discovery of the 
four-dimensional super-Poincaré algebra in Gol’fand and Likhtman (1971). 
Moreover, the Gervais—Sakita work motivated the construction of super- 
symmetric theories in four dimensions in Wess and Zumino (1974). Two- 
dimensional superspace was introduced in Fairlie and Martin (1973) and 
Montonen (1974), while four-dimensional superspace first appears in Salam 
and Strathdee (1974). Following the development of N = 1 supergravity in 
four dimensions in Freedman, van Nieuwenhuizen and Ferrara (1976) and 
Deser and Zumino (1976a), a locally supersymmetric world-sheet action was 
constructed in Brink, Di Vecchia and Howe (1976) and Deser and Zumino 
(1976b). This action was utilized in Polyakov (1981b). 

Gliozzi, Scherk and Olive (1976, 1977) discovered that, when the ten-di- 
mensional RNS string spectrum is projected in the manner described in the 
text, the number of bosons and fermions agrees at every mass level, as is 
required for unbroken space-time supersymmetry. They also constructed 
ten-dimensional super Yang-Mills theory (as well as its various dimensional 
reductions and truncations), as did Brink, Schwarz and Scherk (1977). 

The application of the BRST formalism to the construction of the fermion 
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emission vertex operator was developed in Friedan, Martinec and Shenker 
(1986) and Knizhnik (1985). This was not described in this book. 


Chapter 5 


The formalism with manifest space-time supersymmetry was developed by 
Green and Schwarz in the period 1979-84. The light-cone gauge formalism 
was found first and utilized to prove the supersymmetry of the GSO pro- 
jected theory. In particular, the type I, type IIA and type IIB superstring 
theories were identified and named. The spectra of these theories were ana- 
lyzed and various amplitudes were computed in Green and Schwarz (1981a, 
1981b, 1982). This work is reviewed in Schwarz (1982b) and Green (1984). 

Brink and Schwarz (1981) found a covariant and supersymmetric action 
for a massless superparticle. This corresponds to the massless limit of the 
D0-brane action described in the text. Following the observation that this 
action possesses local kappa symmetry in Siegel (1983), Green and Schwarz 
(1984a) constructed the covariant superstring action with local kappa sym- 
metry. The light-cone gauge results can be obtained by gauge-fixing this 
action, but covariant quantization of the GS action has proved elusive. 

The history of anomalies in gauge theories is discussed in GSW. Gravi- 
tational anomalies in arbitrary dimensions were first systematically investi- 
gated in Alvarez—Gaumé and Witten (1984). In particular, it was proved 
that the gravitational anomalies cancel in type IIB supergravity and hence 
in type IIB superstring theory. Following this, Green and Schwarz (1985) 
computed the hexagon diagram contribution to the gauge anomaly in type 
I superstring theory and found that the cylinder and Möbius strip contri- 
butions cancel for the gauge group SO(32). Using the results of Alvarez- 
Gaumé and Witten (1984), Green and Schwarz (1984b) found that all gauge 
and gravitational anomalies could cancel provided the gauge group is either 
SO(32) or Eg x Eg. The analysis presented in the text is somewhat simpler 
than in the original paper, because it utilizes techniques developed later 
in Morales, Scrucca and Serone (1999), Stefanski (1999) and Schwarz and 
Witten (2001). Harvey (2005) reviews the subject of anomalies. 


Chapter 6 


T-duality symmetry is manifest in formulas given in Green, Schwarz and 
Brink (1982), but it was first discussed explicitly in Kikkawa and Yamasaki 
(1984). The T-duality transformations of constant background fields were 
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derived in Buscher (1987, 1988). T-duality was reviewed in Giveon, Porrati 
and Rabinovici (1994) and Alvarez, Alvarez-Gaumé and Lozano (1995). 

The subject of D-branes originated in works of Dai, Leigh and Polchin- 
ski (1989) and Leigh (1989). However, it did not achieve prominence until 
Polchinski (1995) pointed out that D-branes in superstring theories carry 
R-R charges. Some results were anticipated in Shenker (1991). Other in- 
sights into D-brane physics were provided in Bachas (1996) and Douglas, 
Kabat, Pouliot and Shenker (1997). The subject of D-branes was reviewed 
in Polchinski (1997). Johnson (2003) is a book about D-branes. For reviews 
of the properties of non-BPS D-branes see Sen (1999) and Schwarz (2001). 

Chan-—Paton charges were introduced to describe U (N) symmetry in the 
very early days of string theory in Paton and Chan (1969), but it took more 
than another quarter century until Witten (1996a) pointed out that these 
rules describe coincident D-branes. In the interim Neveu and Scherk (1972) 
noted that the Chan—Paton symmetry is a local gauge symmetry. The Chan- 
Paton construction was generalized to orthogonal and symplectic groups in 
Schwarz (1982a) and Marcus and Sagnotti (1982). 

The generalization of the Dirac quantization condition to p-branes was dis- 
covered independently in Nepomechie (1985) and Teitelboim (1986a, 1986b). 
The fact that D-brane charges should be understood mathematically as K- 
theory classes was pointed out in Minasian and Moore (1997) and elucidated 
in Witten (1998c) and Hořava (1999). Sen (1998c, 1998d, 1999) also con- 
tributed important insights. 

The appearance of the Born—Infeld action as an effective action in string 
theory is due to Fradkin and Tseytlin (1985a, 1985b, 1985c). It was ex- 
tended to superstrings in Callan, Lovelace, Nappi and Yost (1997, 1998). 
Kappa-symmetric D-brane actions were constructed by several groups: Ced- 
erwall, von Gussich, Nilsson and Westerberg (1997), Aganagic, Popescu and 
Schwarz (1997a, 1997b), Bergshoeff and Townsend (1997) and Cederwall, 
von Gussich, Nilsson, Sundell and Westerberg (1997). The study of non- 
abelian Born—Infeld theory in string theory was pioneered in Tseytlin (1997). 
The work on the nonabelian world-volume theory of coincident D-branes, 
and the discovery of the Myers effect, is contained in Myers (1999). Re- 
views of Born—Infeld theory and brane dynamics include Giveon and Ku- 
tasov (1999) and Tseytlin (2000). 


Chapter 7 


Shortly after Green and Schwarz (1984b) showed that an anomaly-free su- 
persymmetric theory in ten dimensions could have SO(32) or Eg x Ex 
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gauge symmetry, the heterotic string theory was constructed in Gross, Har- 
vey, Martinec and Rohm (1985a, 1985b, 1986). They presented both the 
fermionic and the bosonic constructions. Some of the mathematical back- 
ground required for the bosonic construction had been explained previously 
for physicists in Goddard and Olive (1985). 

Toroidal compactification of the heterotic string was first studied in Narain 
(1986). The associated moduli space, parametrized by constant background 
fields, was identified in Narain, Sarmadi and Witten (1987). This was de- 
scribed in terms of a low-energy effective action in Maharana and Schwarz 
(1993). 


Chapter 8 


The action for eleven-dimensional supergravity was constructed in Crem- 
mer, Julia and Scherk (1978). The type IIA supergravity action is obtained 
by dimensional reduction of eleven-dimensional supergravity. The formulas 
given in the text differ somewhat from those in the literature. The effec- 
tive action for type I supergravity coupled to super Yang-Mills theory was 
constructed in Bergshoeff, de Roo, de Wit and Van Nieuwenhuizen (1982) 
and Chapline and Manton (1983). This was supplemented by some higher- 
dimension terms required for anomaly cancellation in Green and Schwarz 
(1984b). Type IIB supergravity was constructed in Schwarz and West 
(1983), Schwarz (1983) and Howe and West (1984). The heterotic string 
effective action and its S-duality relationship to the type I supergravity ac- 
tion was given in Witten (1995). 

Electric-magnetic duality symmetry in Yang—Mills theory was first pro- 
posed in Montonen and Olive (1977). The conjecture was sharpened to 
N = 4 theories in Osborn (1979). The subject is reviewed in Harvey (1997). 

The notion of S-duality in string theory was first conjectured in Font, 
Ibanez, Liist and Quevedo (1990) for the heterotic string compactified on 
T°. This was pursued in subsequent years in Sen (1994a, 1994b) and Schwarz 
(1993). The duality was explained for V = 2 gauge theories in Seiberg and 
Witten (1994a, 1994b). Hull and Townsend (1995) proposed the SL(2, Z) 
S-duality of type IIB superstring theory as well as the E,(Z) U-duality gen- 
eralizations. Evidence for the S-duality relationship between type I super- 
string theory and the SO(32) heterotic string theory was given in Polchinski 
and Witten (1996). 

The proposal that type IIA superstring theory becomes 11-dimensional 
at strong coupling was made in Townsend (1995) and Witten (1995). This 
relationship had been hinted at in Duff, Howe, Inami and Stelle (1987), 
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which related the 11-dimensional supermembrane of Bergshoeff, Sezgin and 
Townsend (1987, 1988) to the ten-dimensional type IIA GS string. The 
term M-theory was introduced by Witten in 1995 lectures given at the IAS. 
The 11-dimensional interpretation of the strongly coupled Eg x Eg heterotic 
string is due to Hořava and Witten (1996a, 1996b). 

The use of the duality between M-theory on T? and type IIB superstring 
theory on S! as a way of understanding the S-duality of the type IIB the- 
ory was given in Aspinwall (1996) and Schwarz (1996a, 1996b). The ex- 
istence of an infinite SL(2,Z) multiplet of type IIB strings is pointed out 
in Schwarz (1995). An interpretation as bound states was given in Wit- 
ten (1996a). Review articles discussing M-theory and superstring dualities 
include Townsend (1996b), Schwarz (1997), Vafa (1997), Sen (1998b) and 
Obers and Pioline (1999). 


Chapter 9 


Kaluza (1921) and Klein (1926) proposed unifying electromagnetism and 
Einstein’s theory of gravity in four dimensions by compactifying five-dimen- 
sional Einstein gravity on a circle. The generalization and application of 
this idea to 11-dimensional supergravity was an active subject in the early 
1980s. Reviews of Kaluza—Klein supergravity include Duff, Nilsson and 
Pope (1986), Townsend (1996b) and Overduin and Wesson (1997). 

Compactification of string theory with an internal six-dimensional Calabi- 
Yau manifold was given in Candelas, Horowitz, Strominger and Witten 
(1985). The literature on Calabi-Yau manifolds is very large. Some ba- 
sics appears in chapter 16 of GSW and Candelas (1987). A more elaborate 
discussion appears in Hiibsch (1992). An advanced and detailed description 
is given in Hori et al. (2003). Orbifolds were first introduced in Dixon, 
Harvey, Vafa and Witten (1985, 1986), and their CFT description was de- 
veloped in Dixon, Friedan, Martinec and Shenker (1987). Reviews of special 
holonomy manifolds include Joyce (2000), Acharya and Gukov (2004) and 
Gubser (2004). 

The local constraints imposed by M = 2, D = 4 supersymmetry were 
derived in special coordinates in De Wit, Lauwers and van Proeyen (1985). 
A global description of special geometry was developed in Strominger (1990). 
The form of the prepotential and the geometry of the moduli space of Calabi- 
Yau manifolds were derived in Candelas, De la Ossa, Green and Parkes 
(1991) using mirror symmetry. In the same paper, it was shown that conifold 
singularities appear in the moduli space of classical string vacua. The first 
evidence of mirror symmetry was found in Candelas, Lynker and Schimmrigk 
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(1990) and Greene and Plesser (1990). Strominger, Yau and Zaslow (1996) 
interpreted mirror symmetry in terms of T-duality. 

Strominger (1995) showed that massless black holes coming from branes 
wrapped around the supersymmetric cycles introduced in Becker, Becker 
and Strominger (1995) give nonperturbative corrections to the low-energy 
effective action, and that the singularity pointed out in Becker, Becker and 
Strominger (1995) is lifted. This was explored further in Greene, Morrison 
and Strominger (1995). 

The duality between M-theory on K3 and the heterotic string on T? was 
one of many dualities introduced in Witten (1995). F-theory was introduced 
in Vafa (1996) following related studies of cosmic strings in Greene, Shapere, 
Vafa and Yau (1990). 


Chapter 10 


Flux compactifications were introduced in Strominger (1986) and De Wit, 
Smith and Hari Dass (1987) as a generalization of conventional Calabi-Yau 
compactifications. Such compactifications include a warp factor, so that the 
ten-dimensional metric is no longer a direct product of the external and in- 
ternal space-time. No-go theorems implied that in most cases such theories 
reduce to ordinary Calabi-Yau compactifications. However, with the devel- 
opment of nonperturbative string theory and M-theory, it became evident 
that the no-go theorems could be circumvented. Flux compactifications were 
first studied in the context of M-theory in Becker and Becker (1996) and in 
the context of F-theory in Dasgupta, Rajesh and Sethi (1999). Giddings, 
Kachru and Polchinski (2002) explained how flux compactifications can give 
a large hierarchy of scales. Graña (2006) reviews flux compactifications. 

Gukov, Vafa and Witten (2001) made it evident that flux compactifica- 
tions can lead to a solution of the moduli-space problem, since a nonvanish- 
ing potential for the moduli fields is generated. This led to the introduction 
of the string theory landscape, which describes a huge number of possible 
string theory vacua, in Susskind (2003). Their properties were analyzed in 
Douglas (2003) using statistical methods. Flux compactifications are dual 
supergravity descriptions of confining gauge theories, as was pointed out in 
Klebanov and Strassler (2000) and Polchinski and Strassler (2000). The idea 
that a brane-world scenario provides an alternative to compactification was 
introduced in Randall and Sundrum (1999b). 

The application of flux compactifications to cosmology is an active area of 
research. Kachru, Kallosh, Linde and Trivedi (2003) discussed the construc- 
tion of long-lived metastable de Sitter vacua, and Kachru, Kallosh, Linde, 
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Maldacena, McAllister and Trivedi (2003) discussed the application to in- 
flation. Review articles on string cosmology include Linde (1999), Quevedo 
(2002) and Danielsson (2005). 


Chapter 11 


The general relativity textbooks Wald (1984) and Carroll (2004) provide 
useful background. Bekenstein (1973) proposed that the entropy of black 
holes should be proportional to the area of the event horizon. The discovery 
of black-hole radiation in Hawking (1975) confirmed previous indications 
in Bardeen, Carter and Hawking (1973) of the thermodynamic behavior of 
black holes. The information loss problem, which implies a possible break- 
down of quantum mechanics, was pointed out in Hawking (1976). A sta- 
tistical derivation of black-hole entropy using string theory techniques was 
given first in Strominger and Vafa (1996). Review articles describing this 
and other aspects of black holes in string theory are Sen (1998b), Maldacena 
(1998a), Peet (2001) and Mathur (2006). 

The attractor mechanism was introduced in Ferrara, Kallosh and Stro- 
minger (1995). Our presentation follows Denef (2000). Black-ring solutions 
were found in Emparan and Reall (2002). The conjecture relating micro- 
scopic degeneracies to the topological string was proposed in Ooguri, Stro- 
minger and Vafa (2004). The subject is reviewed in Pioline (2006). Our 
discussion of microscopic black holes follows Dabholkar, Denef, Moore and 
Pioline (2005). 


Chapter 12 


Black p-brane solutions were constructed in Horowitz and Strominger (1996). 
Relevant reviews include Townsend (1996b), Duff (1996) and Stelle (1998). 

Matrix theory was introduced in Banks, Fischler, Shenker and Susskind 
(1997). The discrete light-cone quantization interpretation for finite N was 
proposed in Susskind (1997). Reviews of matrix theory include Bigatti and 
Susskind (1997), Taylor (1998), Banks (1998) and Bilal (1999). An expla- 
nation of why Matrix theory is correct was given in Seiberg (1997) and 
Sen (1998a). Matrix string theory was formulated in Dijkgraaf, Verlinde 
and Verlinde (1997). Berenstein, Maldacena and Nastase (2002) gave a 
generalization of matrix theory that describes M-theory in a plane-wave 
background. 

The large-N expansion of U (N) gauge theory was given in ’t Hooft (1974). 
The AdS/CFT correspondence was spelled out in the landmark paper Mal- 
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dacena (1998). There had been earlier hints of such a connection in Malda- 
cena and Strominger (1997a, 1997b) and Douglas, Polchinski and Strominger 
(1997). Some aspects of AdS/CFT also appear in Klebanov (1997), Gubser, 
Klebanov and Tseytlin (1997) and Gubser and Klebanov (1997). Impor- 
tant details were elucidated in Gubser, Klebanov and Polyakov (1998) and 
Witten (1998b). A detailed review of the AdS/CFT correspondence and 
related topics was given in Aharony, Gubser, Maldacena, Ooguri and Oz 
(2000). Some recent developments, not discussed in the text, include Kaza- 
kov, Marshakov, Minahan and Zarembo (2004), Lin, Lunin and Maldacena 
(2004), Beisert and Staudacher (2005) and Hofman and Maldacena (2006). 

The field theory dual of type IIB superstring theory on AdSs x Tht, that 
is, the conifold, was identified in Klebanov and Witten (1998). The duality 
cascade associated with the addition of fractional branes was explained in 
Klebanov and Strassler (2000) building on the earlier works Polchinski and 
Strassler (2000), Klebanov and Nekrasov (2000) and Klebanov and Tseytlin 
(2000). 

Blau, Figueroa-O’Farrill, Hull and Papadopoulos (2002a) discovered that 
type IIB superstring theory admits a maximally supersymmetric plane-wave 
solution. Metsaev (2002) showed the world-sheet action for this background 
becomes a free theory in the light-cone GS formalism. The plane-wave 
limit of the AdS/CFT duality was introduced in Berenstein, Maldacena and 
Nastase (2002). 

Geometric transitions were first discussed in Gopakumar and Vafa (1999). 
They have been used in the study of large-N limits in Vafa (2001) and 
Maldacena and Nunez (2001b) among others. 
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at singularities of K3, 436 
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equation of state, 527 
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Feynman diagrams 
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phase transition 
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no-scale type, 503 

with nonperturbative terms, 504 
scale factor, 528, 535 
scale invariance, 649 
scale transformation, 60 
Schwarzian derivative, 66 
Schwarzschild black hole, 552 

in D dimensions, 553 
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simply-connected manifold, 364 
simply-laced Lie groups, 69, 422 
singularities 

ADE classification, 360 

An, 360, 436 

Dy, 373 

blow-up, 367, 368, 373, 435 
slow-roll 

approximation, 535 

conditions, 535 

inflation, 540 

parameters, 535, 539, 540 
small black holes, 599 
source graviton, 632 
special conformal transformation, 60 
special coordinates, 392 
special geometry, 391, 394, 589 
homogeneous coordinates, 393 
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